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ABSTRACT 
This report presents  r e s u l t s  of the evaluation of Li-doped, %Os- 
s t a b i l i z e d  Cr,O, surf ace layers  as a means of increasing the  res i s tance  
of Cr-base a l l o y s  to embrittlement i n  a i r  oxidat ion,  a s  measured by a 
change i n  d u c t i l e - b r i t t l e  t rans i t ion  temperature. The plasma-sprayed 
chromium plus  10 volume percent Y203 was the m o s t  e f f e c t i v e  of several  
coatings studied.  
v i i  
1.0 SUMMARY 
T h i s  work was undertaken t o  develop a coat ing system capable of 
preventing the d r a s t i c  embrit t lement suf fered  by chromium-base a l l o y s  
during a i r  exposure a t  e leva ted  temperatures. The approach se l ec t ed  
f o r  eva lua t ion  was treatment of the a l l o y  surface t o  produce a s t a b l e ,  
adherent,  low-ionic-defect Crz03 or complex oxide w i t h  Crz03.  
s t a b i l i z e d  form of the  n a t u r a l  ox ida t ion  product of chromium was pursued 
A 
doping w i t h  monovalent L i ,  
adding s i g n i f i c a n t  volume f r a c t i o n s  of Y 0 p a r t i c l e s  
t o  sur face  regions,  2 3  
pretreatment i n  pure oxygen t o  a f f e c t  p a r t i a l  conversion 
t o  complex oxides ,  and 
combinations of these  approaches. 
The metall iding* process,  which produces d i f fus ion  coa t ings  by 
e l e c t r o l y s i s  i n  a fused s a l t  bath,  was used i n  producing L i  and C r  + 
L i  sur face  l aye r s .  Plasma spraying was employed t o  deposi t  C r  + Y 0 
coat ings  containing from 10 t o  50 volume percent of the oxide. 
2 3  
The best system i d e n t i f i e d  was made by f i r s t  chromiding a t  l o w  
cur ren t  dens i ty  i n  a LiF-CrF3 bath,  followed by plasma spraying of a C r  
+ 10 volume percent Y203 powder mixture and preoxidation i n  pure oxygen. 
The d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT) of the  s u b s t r a t e  was 
580'F; t h i s  was increased by no more than lOO'F by 200-hour 2100'F a i r  
exposures of coated samples, when such exposures were performed iso-  
thermally or under c y c l i c  condi t ions i n  which moderate r a t e s  of cool ing 
t o  room temperature a t  spec i f i ed  i n t e r v a l s  (360'F per minute) were 
employed. However, when i n i t i a l  cool ing r a t e s  during c y c l i c  a i r  exposure 
were increased t o  960'F per  minute, considerable  b l i s t e r i n g  of the  s c a l e s  
r e su l t ed  and the  DBTT increased t o  about 900'F. 
marked improvement over the  DBTT value of w e l l  above 1400'F exhib i ted  by 
t h e  noncoated a l loy  a f t e r  much less severe a i r  exposures (and appears t o  
be a t  l e a s t  equivalent  t o  any o the r  known coa t ing  f o r  Cr) ,  i t  does not 
seem t o  provide adequate pro tec t ion  f o r  j e t  engine serv ice .  
Although t h i s  i s  a 
* 
ava i l ab le  from General E l e c t r i c ' s  Patent  and Technology Marketing 
Operation i n  Schenectady, New York. 
Metal l iding i s  a highly propr ie ta ry  process ,  l i censes  f o r  which a re  
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2.0 INTRODUCTION 
The continued development of high-temperature chromium-base a l l o y s ,  
conducted by t h i s  labora tory  f o r  t h e  pas t  t h ree  years  under NASA sponsor- 
sh ip ,  has produced compositions wi th  t e n s i l e  s t r eng ths  on t h e  order  of 
50,000 p s i  and 100-hour rupture  s t r eng ths  of over 15,000 p s i  a t  2100'F. 
These a l l o y s  thus  o f f e r  an increase  of 250 t o  300'F over t h e  temperatures 
a t  which equiva len t  s t r eng ths  a r e  a t t a ined  by t h e  most advanced superal loys 
i n  cu r ren t  use i n  advanced air-breathing engines.  Chromium a l l o y s  of 
t h i s  general  s t r e n g t h  l e v e l ,  a f t e r  sur face  condi t ioning and annealing, 
e x h i b i t  t e n s i l e  d u c t i l i t y  of about 5% RA a t  temperatures a s  low as  350'F; 
bu t ,  t h e i r  d u c t i l i t y  drops rap id ly  a t  lower temperatures.  Furthermore, 
embrit t lement during a i r  ox ida t ion  can r a i s e  t h e  d u c t i l e - b r i t t l e  t r a n s i -  
t i o n  temperature (DBTT) t o  much higher  values.  This embrit t lement,  which 
i s  common t o  v i r t u a l l y  a l l  chromium a l l o y s ,  i s  due pr imar i ly  t o  r eac t ion  
with ni t rogen.  Although t h e  inherent  ox ida t ion  r e s i s t ance  of chromium 
i s  one of the  major f a c t o r s  i n  the  continued i n t e r e s t  i n  t h i s  metal a s  an 
a l loy ing  base,  the  unmodified sur face  s c a l e s  a r e  not s u f f i c i e n t l y  pro- 
t e c t i v e  t o  prevent i ng res s  of n i t rogen  during pro t rac ted  exposure a t  
e leva ted  temperatures. For t h i s  reason, coa t ings  (or more p rec i se ly ,  
sur face  p ro tec t ion  systems) w i l l  be required f o r  any extended appl ica t ion  
of chromium a l l o y s  i n  advanced engines.  
The embrit t lement problem has not been completely solved i n  high- 
s t rength-a l loy  systems through compositional modifications.  Alloying 
addi t ions  of monovalent s o l u t e s  such a s  L i ,  and of c e r t a i n  r a r e  e a r t h  
and r e l a t e d  elements ( e . g . ,  La, Y ,  Ce), a r e  e f f e c t i v e  i n  r e t a rd ing  
i n t e r a c t i o n  with N, by v i r t u e  of promoting more s t a b l e  sur face  sca l e s .  
These n i t r i d a t i o n - i n h i b i t i n g  s o l u t e s  a r e  d i f f i c u l t  t o  add t o  an a l l o y  
b y  conventional mel t ing techniques because of t h e i r  r e s t r i c t e d  s o l u b i l i t y  
and high r e a c t i v i t y  with oxygen present  i n  the  m e l t  and i n  the  ceramic 
c ruc ib l e s  employed i n  induct ion melting, Furthermore, when successfu l ly  
added i n  amounts s u f f i c i e n t  t o  provide increased oxidat ion r e s i s t ance ,  
such so lu t e s  u sua l ly  have de t r imenta l  e f f e c t s  on bulk-dependent p rope r t i e s  
such a s  s t r eng th  and d u c t i l i t y  due t o  segregat ion i n  t h e  ingot .  This  i s  
p a r t i c u l a r l y  t r u e  of r a r e  e a r t h  or monovalent metal  add i t ions ,  which 
concentrate  i n  g ra in  boundaries and d e n d r i t i c  i n t e r s t i c i e s  during f r eez ing  
and r e s u l t  i n  hot  shor tness  a t  f a i r l y  low a l l o y  contents .  It  would be 
advantageous t o  restrict these  elements t o  sur face  regions of high s t r eng th  
a l loys .  A s  w i l l  be descr ibed i n  d e t a i l  i n  l a t e r  s ec t ions ,  t h i s  has been 
the  major approach followed i n  the  development program herein.  Before 
proceeding with a desc r ip t ion  of t he  coa t ing  systems evaluated i n  t h i s  
work, i t  i s  appropriate  t o  review b r i e f l y  the  oxida t ion  behavior of chromium 
and chromium a l loys .  
2 
2.1 CHROMIUM OXIDATION 
Unalloyed chromium e x h i b i t s  low oxidat ion k i n e t i c s  i n  t e r m s  of weight 
gain i n  oxygen and 
t i o n  leading  t o  appreciable  embrit t lement of any chromium-base component. 
Both the  oxida t ion  and n i t r i d a t i o n  processes of unalloyed chromium a re  
extremely complex and can, f o r  ins tance ,  be a f fec ted  by sur face  preparat ionc2 '  , 
gas ve loc i ty(3  s 4 '  and the s t r u c t u r e  and working h i s t o r y  of t h e  mater ia l (2  ") . 
Although the de ta i l ed  mechanism(s) through which these va r i a t ions  occur a r e  not 
known, a q u a l i t a t i v e  understanding of some o f  thes observat ions can be 
suggested by consider ing t h a t  Cr203 grows by c a t i o n  d i f fus ion  and t h a t  above 
about 1800'F Cr203 transforms t o  Cr03 which i s  a v o l a t i l e  meastable oxide'" ' 7 '  . 
The presence of high r e s idua l  stresses i n  the  growing C r  0 f i l m  can induce 
oxide cracking and e x f o l i a t i o n ,  a s t e p  which many inves t iga to r s  regard a s  
being a p re requ i s i t e  t o  n i t rogen  contamination. The n i t rogen  contamination 
of chromium i s  o f t en  assoc ia ted  with a loose and nonadherent oxide. 
but r eac t ion  with n i t rogen  can produce contamina- 
3 3  
There can be l i t t l e  doubt t h a t  the m o s t  s e r ious  e f f e c t  of a i r  exposure 
i s  n i t rogen  contamination, and t h a t  n i t rogen  i s  the  most detr imental  i n t e r -  
s t i t i a l  contaminant(*-1o) . The c r i t i c a l  n i t rogen  conten t ,  above which the  
t r a n s i t i o n  temperature of unalloyed chromium i s  markedly increased,  may be 
a s  l o w  a s  2 ppn? f o r  extruded rod i n  tens ion  and a s  high a s  100 ppm f o r  c a s t  
chromium i n  bending"'. Oxygen i s  much less embr i t t l ing .  A s  much as  3,400 
ppm oxygen have been shown t o  have no se r ious  e f f e c t  on the  t r a n s i t i o n  
temperature of as-cast  chromium(*', and s imi l a r  d a t a  have been generated 
f o r  wrought and r e c r y s t a l l i z e d  mater ia ls '  
however, t h a t  t h e  t o l e r a b l e  oxygen l e v e l  i n  chromium may w e l l  be below the  
range which has so f a r  been inves t iga t ed  [a p o s s i b i l i t y  t h a t  appears t o  be 
supported by the  i d e n t i f i c a t i o n  of grain-boundary Crs04  p a r t i c l e s  i n  iod ide  
chromium w i t h  30 t o  50 ppm oxygen(12)]. 
much less detr imental  than t h a t  of ni t rogen.  
. It has been pointed ou t ,  
The e f f e c t ,  i f  any, of oxygen i s  
Fortunately,  t he  e f f e c t s  of i n t e r s t i t i a l s  on the  t r a n s i t i o n  tempera- 
t u r e ,  and p a r t i c u l a r l y  the e f f e c t s  of n i t rogen ,  a r e  s e n s i t i v e  t o  working 
and heat  treatment.  It  i s  genera l ly  acknowledged t h a t  n i t rogen  i n  so lu t ion  
i s  more de l e t e r ious  than n i t rogen  pinned a t  d i s loca t ions  or prec ip i t a t ed  
a s  Cr2N.  Slow cool ing,  t o  p r e c i p i t a t e  dissolved i n t e r s t i t i a l s ,  has been 
found t o  produce a 270'F reduct ion i n  the t r a n s i t i o n  temperature of 290 
ppm N2 material") .  Even the  d u c t i l i t y  of mater ia l  w i t h  only 10 ppm N2 
can be promoted by s l o w  cool ing r a t h e r  than quenching a f t e r  hea t  treatment 
a t  2732'F(12). Cold working increases  the  t o l e r a b l e  l i m i t  f o r  n i t rogen  
from about 10 t o  about 200 ppm(8'13'. 
Although heat  t reatment  can be used t o  con t ro l  the  e f f e c t  of dissolved 
n i t rogen  i n  chromium-base ma te r i a l s ,  exposure i n  a i r  w i l l  ( i n  t i m e )  produce 
a sur face  layer  of Cr2N whose gross  e f f e c t  on d u c t i l i t y  cannot be con t ro l l ed  
3 
through processing. A layer of nitride only 1 to 5 x inch thick (as 
produced by heating unalloyed chromium in air for 200 hours at 1740°F) can 
produce an increase in DBTT of at least 400'F. Similarly, the exposure of 
a simple Cr-(Zr, Ti)C composition for 16 hours at 2000°F to produce a CraN 
layer of 5 x 10-4 inch thick will raise the DBTT by about 1000°F(14', while 
a 100-hour exposure of a stronger Cr-W-(Zr, Ti)C composition at 1600 to 
1800°F can increase the DBTJ! by as much as 1500°F(6). 
embrittlement that must be prevented if chromium alloys are ever to be 
considered for significant application as high-temperature structural 
materials. 
It is this drastic 
2.2 OXIDATION CR/RARE-EARTH ALLOYS 
Considerable work has been reported over the past several years on 
alloying additions to prevent nitrogen contamination and embrittlement. 
In general, rare earths, Y ,  and the Group IVA metals have been documented 
to have a beneficial effect on nitridation resistance when added to 
unalloyed chromium' l5 ' 16' . 
shown yttrium and lanthanum to be the preferred additions. Figure 1 
presents a plot of weight gain and depth of nitride thickness observed on 
simple Cr-Y binary alloys after 2300°F/100-hour air exposure, indicating 
that a yttrium addition of 0.6 to 0.8 wt. % is required to prevent 
nitridation for this time-and-temperature condition. Complex alloys ex- 
hibit incipient melting and hot shortness at considerably lower Y concentra- 
tions. The maximum solubility of ttrium in chromium has been reported 
to be about 0.9 wt. % at 2260 F ( 17'. More recent investigations, however, 
have indicated much lower solubility. The addition of most solutes decreases 
the solubility of Y still further, and produces hot shortness during working 
and/or high-temperature brittleness in the fabricated composition. In the 
higher-strength alloys, such as the Cr-Mo-TaC composition that was coated 
in the present study, ductility and fabricability limitations dictate a 
maximum yttrium level of about 0.2 wt. %. Although this level of yttrium 
addition controls the rate of nitridation at temperatures of about 1800°F, 
it i s  not effective throughout the temperature range of interest. It is 
evident, therefore, that yttrium additions per se cannot be relied upon 
for the complete elinination of nitrogen-induced embrittlement in complex 
chromium materials. Indeed, in certain carbide-strengthened alloys the 
presence of fairly large concentrations of elemental yttrium, though 
beneficial at higher temperatures, appears to increase embrittlement in 
the lower temperature region"). 
More detailed studies on complex alloys have 
As a portion of our work on Contract NAS3-7260, a number of additional 
reactive metals were evaluated with respect to their effect on the nitrida- 
tion resistance of a binary Cr alloy containing 4 atomic percent MO'~~). 
Since they closely resemble Y ,  emphasis was placed on the lighter rare 
earths from the lanthanide and actinide series, including mischmetal which 
is a naturally-occurring mixture of the elements in the first portion of 
the former series. 
4 
Cr-Y ALLOYS 
70 
60 
50 
40 
WEIGHT 
GAIN, 
mg/cm 
30 
20 
10 
I 
I 
I 
I 
I 
/ 
/ 
/ 
/ 
/ 
I 
/ 
Nitride Thickness \- 
l o  
8 
THICKNESS 
OF 
6 NITRIDE 
LAYER, 
MILS 
4 
2 
0 I I \r A A I I I I 0 
0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 
% YTTRIUM ADDED 
Figure 1. E f f e c t  of Y t t r i u m  Additions on t h e  Weight Gain and 
Depth of Cr2N a f t e r  100-Hour Exposure a t  2300'F. 
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It was found t h a t  addi t ions  of La and Pr a re  more e f f e c t i v e  than Y 
i n  improving the  air-oxidat ion r e s i s t ance  of the  Cr-4Mo base and t h a t  
addi t ions  of mischmetal a r e  a t  l e a s t  equivalent .  Additions of 0.5 atomic 
percent lanthanum or praseodymium t o  the  Cr-4Mo a l loy  completely prevent 
n i t r i d a t i o n  i n  24-hour a i r  exposure a t  240O0F. Some minor agglomeration 
of the  second phase, which i s  presumed t o  be r i c h  i n  the  ra re-ear th  metal ,  
is  observed i n  the  a l l o y s  wi th  Pr addi t ions ;  b u t ,  t he  Cr-Mo-La a l loy  i s  
v i r t u a l l y  unchanged from t h e  as-cast  condi t ion,  N o  evidence of i n c i p i e n t  
melting a t  2400°F was de tec ted  with ra re-ear th  addi t ions.  
I n  an e f f o r t  t o  e luc ida te  the  mechanisms through which the  ra re-ear th  
metals e x e r t  t h e i r  bene f i c i a l  e f f e c t s  on a i r  oxidat ion of C r ,  warm-rolled 
specimens of a binary Cr-O.2La a l l o y  were r e c r y s t a l l i z e d  by annealing i n  
vacuum a t  2100°F f o r  1 hour,  then e lec t ropol i shed  and exposed t o  a i r  a t  
2100°F f o r  10 minutes, 1 hour, 10 hours,  and 100 hours. The specimens 
were mounted and polished with a 5 : l  t aper  such t h a t  an addi t iona l  f ive-  
fo ld  magnif icat ion of the  sur face  s c a l e  and subscale was imposed upon the  
o p t i c a l  magnification se lec ted  f o r  examination. Taper sec t ions  a f t e r  a i r  
exposures of 1 hour and 100 hours a r e  shown i n  Figure 2. N o  evidence of 
a n i t r i d e  l aye r  was observed i n  any of the  specimens. Af te r  the  shor te r -  
t i m e  exposure, t he re  appears t o  be some poros i ty  i n  the  ou te r  por t ions  of 
the  oxide;  bu t ,  t h a t  por t ion  c l o s e s t  t o  the  oxide-metal i n t e r f a c e  is  q u i t e  
dense and protrudes prominently i n t o  the  matrix a t  more or less regular  
i n t e r v a l s .  
served,  with much more poros i ty  evident  i n  the  ou te r  sca le .  In  most 
regions,  the  darker underlying oxide seems t o  be continuous, but t he re  
a re  a reas  i n  which the  l i g h t e r ,  porous oxide is  i n  contac t  with the  
matrix. Back r e f l e c t i o n  X-ray p a t t e r n s  from the  s c a l e ( s )  i n  each specimen 
yielded only l i n e s  which could be indexed a s  s l i g h t l y  contracted Cr2O3,  
wi th  a. = 4.9534, and co = 13.58411. However, i n  e l ec t ron  microprobe 
scans of the  specimen exposed f o r  100 hours,  t he  i n t e n s i t y  of the La 
emission increased by a f a c t o r  of 15 t o  18 a t  the  pos i t ion  of the  darker ,  
inner  oxide i n  Figure 2 compared t o  the  La i n t e n s i t y  l e v e l  i n  t h e  general  
matrix.  
has taken place a f t e r  100 hours. 
observed such phases i n  s tud ie s  of C r  a l loys  containing addi t ions  of ra re-  
e a r t h  metals or oxides.  
After  100 hoiirs a t  2100°F, two d i s t i n c t  oxide phases a r e  ob- 
This suggests  t h a t  formation of a com l e x  oxide such a s  LaCr03 
Both Seybolt P 1*’19’ and Hagel‘’) have 
Sheet samples of the  same Cr-O.2La a l l o y  w e r e  exposed t o  a i r  ox ida t ion  
f o r  2,900 hours a t  2000°F and then t e s t e d  without any sur face  condi t ioning 
i n  three-point  bending over a rad ius  of 4 t .  The DBTT increased from the  
o r i g i n a l  value of about O°F i n  the rolled-and-annealed condi t ion  t o  only 
about 200°F a f t e r  t h i s  r a t h e r  severe oxidat ion.  N o  n i t r i d e  formation was 
de tec ted ,  and t h e  s c a l e  was extremely tenacious.  I t  i s  the re fo re  c l e a r  
t h a t  t he  rare-ear th  metals can be, a t  l e a s t  i n  simple a l loys ,  qu i t e  
e f f e c t i v e  over pro t rac ted  per iods of t i m e .  
c a rb ides ,  t he  s u p e r i o r i t y  of La over o ther  r a r e  e a r t h s  i n  promoting oxida- 
I n  chromium a l loys  containing 
6 
i 
.- 
A .  
B .  
C. 
1 Hour at 
5: 1 Taper 
2100°F, lOOOX 
N991 
100 Hours at 2100°F, 250X 
5:l Taper M5081 
Figure 2 .  Taper Sect ions th rough  Surface Scales Formed 011 Cr-0.2La A l l o y  
a f t e r  2100OF A i r  Exposure. 
t i o n  r e s i s t ance  was even more pronounced, but l a r g e r  addi t ions  were re- 
quired.  Inc ip i en t  mel t ing was observed a t  t he  e f f e c t i v e  concentrat ion of 
0 . 5  atomic percent a t  2100'F i n  a l l o y s  produced from moderate-purity 
chromium and of 0 . 2  atomic La a t  2000°F i n  a l l o y s  from high-purity iodide 
chromium. These observat ions a r e  intended t o  point  out t h a t ,  i n  eva lua t ing  
the  e f f e c t s  of rare-ear th  metals  on both oxida t ion  p rope r t i e s  and melt ing 
behavior,  t h e  form i n  which such elements are present  must be considered. 
It  appears l i k e l y  t h a t  i n  a l l o y s  made from lower pu r i ty  C r ,  a l a rge  p a r t  
of t he  La may have been t i e d  up a s  i n t e r s t i t i a l  compounds, probably oxides,  
s ince  t h i s  i s  the  major impurity,  I n  t h i s  form, inc ip i en t  mel t ing i s  of 
course not a problem, I n  addi t ion ,  these  r e l a t e d  da t a  i n d i c a t e  t h a t  rare-  
e a r t h  concent ra t ions  of t h e  same general  magnitude a r e  equal ly  e f f e c t i v e  
i n  promoting oxida t ion  and n i t r i d a t i o n  r e s i s t ance  of a given a l l o y  base 
regard less  of the  f o r m  i n  which they  a r e  i n i t i a l l y  present .  A s  t he  matr ix  
becomes complex, t he  required ra re-ear th  concent ra t ion  i s  reduced. These 
poin ts  a r e  c r i t i c a l  t o  one of t h e  approaches emphasized i n  t h e  present  
study. 
2 . 3  OXIDATION OF CR ALLOYS CONTAINING --EARTH OXIDES 
Seybolt('* ,"' has shown i n  s t u d i e s  a t  t h e  GE Research and Development 
Center t h a t  the  ox ida t ion /n i t r ida t ion  r e s i s t ance  of a C1--5~/0 Y203 a l l o y  
produced by powder-metallurgy techniques i s  comparable and, i n  some re spec t s ,  
super ior  t o  t h a t  observed by o t h e r s  i n  Cr-Y or Cr-La alloys" '5'15 "'). 
shown i n  Figure 3 ,  t h e  oxida t ion  ra tes  a t  both 2100 and 2280°F became 
markedly lower than parabol ic  a f t e r  3 hours exposure. The oxide s c a l e s  
which formed i n  100 hours w e r e  t i g h t l y  adherent even upon very rap id  a i r  
cool ing.  This  i s  o f t e n  enough t o  completely s h a t t e r  t he  s c a l e  from cool ing  
samples of pure chromium or many chromium a l loys .  I n  add i t ion ,  no n i t r i d e s  
w e r e  formed a t  e i t h e r  temperature. I n  c o n t r a s t ,  r a t e s  of weight ga in  i n  
a i r  a t  2500'F remained parabol ic  f o r  100 hours,  and r a the r  heavy Cr,N 
l aye r s  were formed on both the  C r - f ~ ~ / o  Y203 a l l o y  and on pure chromium. 
I n  pure chromium a t  t h i s  temperature,  ox ida t ion  weight ga ins  decrease from 
parabol ic ;  and, under some condi t ions ,  show a l o s s  due t o  oxida t ion  of 
A s  
sur face  C r  O3 . t o  t he  v o l a t i l e  spec ies  Cr03 a s  r ecen t ly  developed i n  d e t a i l  by 
Tedmon . (7) 2 
I t  i s  thus  c l e a r  t h a t  t he  Yz03 e f f e c t ,  while inopera t ive  a t  2500°F, i s  
q u i t e  e f f e c t i v e  a t  and below 2300'F and t h a t  t he  improved a i r  ox ida t ion  re- 
s i s t a n c e  conferred by Yzo3 cannot be accounted f o r  simply by dissolved YaO3 
i n  Cr,O, changing the  d i f f u s i o n  r a t e  of t he  r a t e -con t ro l l i ng  Crwion. 
t h i s  w e r e  t h e  case ,  t he  k i n e t i c  da t a  should s t i l l  be parabol ic ,  t he  only 
d i f f e rence  compared t o  pure chromium being a reduced r a t e  constant .  Neither 
i s  i t  tenable  t o  suggest t h a t  t he  reduced weight-gain r a t e  i n  Cr-Y 0 i s  
due t o  enhanced formation of the  metastable  CrO, 
If 
2 3  (or i n  e f f e c t  v o l a t i l i z i n g  
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Figure 3. Weight,Gain-Time Curves for Oxidation of Cr-Sv/o Y2O3 in Air. 
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away some of t h e  Cr,03 l a y e r  by formating a gaseous oxide).  
out above, t h e  weight-gain r a t e  of the y t t r ia -conta in ing  a l l o y  was parabol ic  
a t  2500°F, i . e . ,  t h e  r a t e  of weight ga in  was f a s t e r  than t h a t  of unalloyed 
chromium a t  the higher  t e m  e r a tu re .  On the  o the r  hand, i t  w a s  observed i n  
t h i s  and e a r l i e r  t h a t  there i s  some formation of t h e  perovski te  
oxide YCr03 during e leva ted  temperature exposure, a s  w e l l  a s  d i s so lu t ion  
of up t o  1.5 mole percent  Ya03 i n  the Cr,O, scale. A s  discussed by 
S e y b o l t ( l s ) ,  it seems l i k e l y  t h a t  below 2300'F ytt r ium a l t e r s  t h e  na ture  
of t h e  Cr2O3-Y,o3 scale or the  oxide-matrix in t e r f ace .  
A s  pointed 
A barr ier ,  becoming inc reas ing ly  e f f e c t i v e  w i t h  t i m e ,  t h a t  tends to 
block the t r a n s f e r  of chromium i n t o  t h e  Cr,03 might o f f e r  an explanat ion 
of t h e  observed k i n e t i c s .  The fol lowing seems l i k e  a f e a s i b l e  mechanism. 
Assume t h a t  matr ix  Y203 and Cr203 s c a l e  r e a c t  d i r e c t l y  t o  form YCrO,. 
This can happen even if the  Cr,03 s o l i d  s o l u t i o n  i s  sa tu ra t ed  with Y 2 0 3 .  
Since each m o l e  of Y203 used forms two moles of YCrO,, there i s  an appreci-  
ab le  increase  i n  YCrO, content  w i t h  t i m e  a t  t h e  in t e r f ace .  
(being depleted i n  chromium w i t h  respec t  t o  t h e  pure chromium matrix3 con- 
t inuous ly  reduces the  d i f fus ion  f l u x  of Cr* through C r 2 0 3 ,  because the  
concent ra t ion  gradien t  of migrat ing Cr+3 ions  i s  reduced. 
slowly accumulating YCr03 a t  t h e  Cr203/matrix i n t e r f a c e  tends t o  choke off  
t h e  Cr20, growth. Since maintenance of a th inner  scale tends t o  prevent 
e x f o l i a t i o n  or cracking,  t h i s  sequence of events  would a l s o  be expected t o  
r e s u l t  i n  the  observed e l imina t ion  of n i t r i d a t i o n  which appears,  i n  a l l  
work on chromium or i t s  a l l o y s ,  t o  r equ i r e  direct  access of n i t rogen  t o  
the  matr ix  through s c a l e  d i s c o n t i n u i t i e s .  It  i s  f u r t h e r  poss ib le  t h a t  
mechanical p rope r t i e s  such as p l a s t i c i t y  or s t r eng th  of the s c a l e  a r e  
favorably a l t e r e d  by d i s so lu t ion  of Y203 i n  the  Cr,O:,, or t h a t  Y203 
p a r t i c l e s  act  as  s inks  for vacancies which would otherwise condense i n t o  
voids t h a t  eventua l ly  lead  t o  separa t ion  of the  sca le .  Whatever the  
mechanism(s) involved, i t  i s  w e l l  demonstrated t h a t  Y 0 d ispers ions  lead  
t o  greatly-enhanced a i r  ox ida t ion  r e s i s t ance  of chromium. With  reference 
t o  coa t ing  cons idera t ions ,  i t  i s  l i k e l y  t h a t  higher volume f r a c t i o n s  than 
t h e  sv /o  of ra re-ear th  oxides i n  t h e  sur face  regions could lead  t o  s t i l l  
f u r t h e r  increases  i n  pro tec t iveness  and s t a b i l i t y .  
The YCrO 
Theref o re ,  the 
? 3  
2.4 OXIDATION OF (%,/MONOVALENT-SOLUTE ALLOYS 
The oxidat ion behavior of one f u r t h e r  c l a s s  of chromium a l l o y s  should 
be considered here. 
forms during oxida t ion  by d i f f u s i o n  of Cr'3 i ons  through t h e  equi l ibr ium 
concent ra t ion  of c a t i o n  vacancies i n  t he  l a t t i c e .  I f  lower valence ions ,  
p a r t i c u l a r l y  monovalent ions  such a s  Li', or Na', or K + ,  a r e  added t o  Cr203 
t o  rep lace  Cr+3 i ons  i n  the  l a t t i c e ,  the  concentrat ion of vacancies must 
decrease t o  maintain e l e c t r i c a l  n e u t r a l i t y .  With t h i s  decrease,  t h e  
d i f f u s i v i t y  of Cr+3 (and, consequently,  the  parabol ic - ra te  constant  i n  
The oxide Crz03 i s  a "p" type semiconductor which 
10 
oxidation) should decrease accordingly. 
t o  be the  case with t r a c e  add i t ions  of L i .  By vapor depos i t ing  a f i l m  of 
L i  on pure chromium p r i o r  t o  oxida t ion  i n  both oxygen and a i r ,  kp was re- 
duced by  a f a c t o r  of about 15 over t h e  temperature range of 1500 t o  2200'F. 
W e  have shown i n  t h i s  l abora to ry  t h a t  t h e  mechanism is app l i cab le  t o  
complex chromium a l l o y s  and, f u r t h e r ,  t h a t  i t  markedly reduces n i t r i d a t i o n .  
A l o w - Y  hea t  of t h e  C-207 a l l o y  (Cr-7.5W-O.8Zr-0.2Ti-O.lCY) was exposed i n  
a i r  for 50 hours a t  2200'F with  and without L i  doping. The r e s u l t s  a r e  
shown below: 
Ear ly  work by Hagel'') showed t h i s  
Test  
No. 
C-507 
C-501 
C-502 
C-504 
Amount of 
L i  I n i t i a l l y  
Present 
None* 
Trace** 
0.06 mg/cma*** 
0.10 mg/cm2*** 
Continuous 
N i t r i d e  
Depth 
GB 
N i t r i d e  
To 120 m i l s  
V i r t u a l l y  none 
Poss ib le  t r a c e s  
Poss ib le  t r a c e s  
* Tested i n  c lean  s y s t e m  i n  which no L i  runs had been performed. 
** Tested i n  system i n  which Li - t rea ted  samples had been previously 
***Li added by  dipping sample i n  sa tu ra t ed  aqueous s o l u t i o n  of Li2C03 
t e s t e d  but with no i n t e n t i o n a l  addi t ion .  
a t  room temperature. 
One of t he  major d i f f i c u l t i e s  i n  adding L i  t o  chromium a l l o y s  i s  t h a t  
i t s  bo i l ing  poin t  (about 2425'F) i s  w e l l  below the  melting poin t  o f  
chromium. Although i t  has been poss ib l e  to charge small amounts of L i  to  
Fe-Cr a l l o y s  by melting under argon p res su r i za t ion  of about 10 atmospheres, 
the quan t i ty  and d i s t r i b u t i o n  were q u i t e  d i f f i c u l t  t o  con t ro l .  Thus, 
s eve ra l  means of en r i ch ing  sur faces  i n  L i ,  such a s  t h e  t w o  cu t l i ned  above, 
have been emphasized i n  preference t o  a l loy ing ,  
More r ecen t ly ,  Tedmon and Hagel have shown t h a t  e f f e c t i v e  l i t h i d e d  
sur faces  can be produced by e l ec t rodepos i t i on  on cathodic samples from a 
fused-sa l t  e l e c t r o l y t e  i n  the  "Metalliding" processing ('O 9' ) . 
improvements i n  oxida t ion  r a t e s  afforded by such l i t h i d e d  su r faces  a r e  
i l l u s t r a t e d  i n  Figure 4. 
sample i s  reduced by about two orders  of magnitude below t h a t  of pure 
chromium. S imi la r  reductions i n  oxida t ion  r a t e s  w e r e  measured i n  a i r .  
These improvements a r e  achieved by t h i n  lithium-enriched l a y e r s ,  most i n  
the  range of about 0.9 m i l s .  Although n i t r i d a t i o n  was not  completely 
eliminated a t  and above 2200'F i n  a i r ,  only i s o l a t e d  patches of Cr,N were 
observed; and, t hese  appeared t o  be assoc ia ted  wi th  b l i s t e r s  i n  t h e  sca l e .  
I n  a reas  f r e e  of such b l i s t e r s ,  no n i t r i d e s  were de tec ted .  
Large 
Note t h a t  t h e  parabol ic  r a t e  kp of t h e  l i t h i d e d  
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0 
TIME IN OXYGEN: NXIN. 
Figure 4. Oxidation Kinetics of Lithided Chromium and Pure Chromium at 2192'F. 
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SuI I i c i cn t  datu have  been accumu1:itcd to  suggest t h a t  v e r y  small 
concentrat ions 01 L i  a r e  required.  The exact  e l e c t r o n i c  defec t  s t r u c t u r e  
of Cr20, i s  unknown; but ,  it i s  c l e a r ,  from both o x i d a t i o n ( l P 2 )  and 
thermoelectric measurements, t h a t  i t  i s  weakly "p" type w i t h  only 
s l i g h t  ca t ion  def ic iency  ( i . e . ,  a l o w  concentrat ion of ca t ion  vacancies).  
Predominant valence i s ,  of course,  t h r e e -  bu t ,  there may be t ransference  
t o  Cr f4  and Cr+6 a t  higher temperatures"). 
a l k a l i  metal  i n  the  l a t t i c e  would thus  ann ih i l a t e  f r o m  t w o  t o  f i v e  ca t ion  
vacancies. Work by  Hagel on the e l e c t r i c a l  conduct ivi ty  of L i -  subs t i t u t ed  
CrzO '24) i nd ica t e s  t h a t  only about 1.5 t o  2.5 mole percent L i  0 (0.2 
weigt t  % L i )  i s  required t o  increase  the conduct ivi ty  by an or8er  of magni- 
tude. Since the ca t ion  vacancy concentrat ion i s  i n i t i a l l y  q u i t e  low, and 
the  somewhat l a r g e r  a l k a l i  metal ions  (0.78A f o r  L i +  vs. 0.65A f o r  Cr+3 
and 1.32A f o r  O=) could be considered a s  s t i l l  less mobile than chromium 
ions ,  a small l e v e l  of L i  i n  C r  a l l o y s  should permit attainment of t h i s  
concentrat ion i n  the oxide a t  the  oxidat ion r a t e  con t ro l l i ng  s i te  ( the  
oxide-metal i n t e r f ace ) .  I n  support  of t h i s  point  of view a r e  the  very 
l a rge  improvements observed i n  the  oxida t ion  behavior of the  Cr-W-ZTC 
a l loy  when exposed i n  a furnace i n  which previous Li-doped runs had been 
made and the  s t r i k i n g  reduct ions i n  r a t e  assoc ia ted  with l i t h i d e d  l aye r s  
of only about 0.4-mil thickness .  
723 
Incorporat ion of a monovalent 
In  addi t ion  t o  the  l i t h i d i n g  development out l ined  previously,  i t  has 
recent ly  been shown i n  p ropr i e t a ry  work tha t  t r a c e  amounts of L i  can 
be codeposited w i t h  C r  under c e r t a i n  condi t ions when chromiding from a 
LiF meta l l id ing  ce l l ,  Thus, there a r e  ava i l ab le  methods of concentrat ing 
L i  i n  narrow l aye r s  on a chromium a l l o y  s u b s t r a t e ,  and of applying a 
d i l u t e  add i t ion  of L i  a t  t he  same t i m e  t h a t  heavier Cr l aye r s  a r e  deposited 
The l a t t e r  method has t h e  advantage of i s o l a t i n g  the  r eac t ive  phases i n  the  
subs t ruc ture  ( e .g . ,  TaC i n  the  a l l o y  t o  be coated i n  the  subjec t  program) 
from the  oxid iz ing  sur face ,  and may a l s o  provide a more e f f e c t i v e  r e se rvo i r  
of L i  than would l i t h i d i n g  per  se. 
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3 . 0  SELECTION OF COATING SYSTEM 
There a r e ,  i n  q u i t e  general  terms, two concepts t h a t  can be appl ied 
t o  t h e  sur face  pro tec t ion  of a l loys  f o r  use i n  corrosive environments. 
One i s  t o  so t r e a t  the  sur face  t h a t  the  s t a b i l i t y  of the  na tu ra l  reac t ion  
product(s) of t h e  a l loy  i n  t h e  p a r t i c u l a r  environment i s  s u f f i c i e n t l y  
enhanced t o  pe rmi t  s e rv i ce  under the  imposed condi t ions.  The o the r ,  and 
more common, approach i s  t o  overlay the  sur face  with less reac t ive  elements 
or compounds such t h a t  t he  i d e n t i t y  of the  reac t ion  product(s) i s  c o m p l e t e l y  
changed t o  a more cor ros ion- res i s tan t  form. Approaches t h a t  were f e l t  t o  
be t h e  most promising examples of each concept were considered f o r  develop- 
ment and evaluat ion i n  t h i s  study, with the  choice narrowed t o  one concept 
a s  ou t l ined  herein.  
I n  order t o  successfu l ly  develop coa t ings  for chromium, a s  f o r  any 
o the r  a l loy  base,  i t  i s  necessary t o  consider  c a r e f u l l y  the  mechanisms 
involved i n  the  type of corrosion which must  be prevented. This has been 
done i n  some d e t a i l  i n  t he  foregoing sec t ions .  To r ev iew b r i e f l y ,  t he re  
a re  a t  l e a s t  t h ree  independent mass t r anspor t  mechanisms t h a t  a r e  opera t ive  
during r eac t ion  of chromium wi th  the  major components of a i r :  
+3 
1) Cat ionic  d i f f u s i o n  of Cr through Cr203 toward t h e  
oxide-gas i n t e r f a c e  
2) Diffusion of nLtrogen (and, but t o  less detr imental  
e f f e c t ,  oxygen) anions toward the  oxide-chromium 
i n t e r f a c e  
3) Further  oxidat ion of sur face  Cr203 t o  Cr03 and the  
v o l a t i l i z a t i o n  of the  l a t t e r  
I t  should a l s o  be pointed out  again t h a t  n i t r i d a t i o n ,  a t  l e a s t  i n  
the sense of the  formation of continuous l aye r s  of the  n i t r i d e  C r  N ,  i s  
not  observed when the  outer  Cr,O, s ca l e  i s  adherent and nonporous. 
HagelC5) has shown t h a t  t he  d i f fus ion  r a t e s  of anions through Cr20, a r e  
slower than ca t ions  by a f a c t o r  of a t  l e a s t  l o4 ;  and, thus ,  one would 
not expect ni t rogen d i f fus ion  through a growing, adherent s ca l e .  Formation 
of n i t r i d e s ,  on the  o ther  hand, invar iab ly  accompanies gross  s p a l l i n g  or 
blisters of the  CrzO,. 
sur face ,  the  f a c t  t h a t  n i t r i d a t i o n  now proceeds i n  preference t o  the  oxida- 
t i o n  tha t  would s e e m  t o  be expected, p resents  something of a dilemma un- 
less, a s  suggested by Chang, the  more r eac t ive  Cr-rich C r 2 g  near the  metal 
i n t e r l a c e  a c t s  a s  an oxygen “ f i l t e r ” .  However, the  observat ion t h a t  n i t r i d e  
l a y e r s  a r e  assoc ia ted  with s p a l l i n g  or b l i s t e r e d  oxide s c a l e s  is w e l l  
documented. Spa l l ing  i s  usual ly  t o  be expected a t  some poin t  i n  the  oxid- 
a t i o n  of chromium, s ince  the  r a t i o  of t he  s p e c i f i c  volume on the  oxide t o  
2 
Since a i r  i s  thereby admitted t o  the  f r e s h  C r  
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t h a t  of the  metal forming i t  ( the Pillings-%dworth r a t i o )  is  o v e r  1.0. 
Compressive stresses a r e  thus generated i n  the oxide and eventual ly  lead 
t o  buckling i f  t he  s c a l e  thickness  reaches a c r i t i c a l  value t h a t  i s  
dependent upon temperature and imposed thermal stresses. Counteracting 
t h i s  buckling tendency a t  higher  temperatures i s  the  f a c t  t h a t  Cr203 ,  a 
v o l a t i l e  spec ie s ,  and the  s c a l e  thickness  i s  therefore  maintained a t  a 
lower value than would otherwise be the case.  
can be maintained a t  a l o w  enough l e v e l ,  t h e  v o l a t i l i z a t i o n  could thus be 
bene f i c i a l  i n  a sur face  pro tec t ioh  sys t em based on Cr,03. 
If the r a t e  of Cr03 removal 
Since a l l  evidence ind ica t e s  t h a t  chromium oxidat ion proceeds by 
d i f fus ion  of Cr* through ca t ion  vacancies,  lower-valent so lu t e s  i n  the  
oxide should be e f f e c t i v e  i n  slowing t h e  r eac t ion  and thereby decreasing 
t h e  tendencies  t o  e f f o l i a t e  and admit ni t rogen.  Experiments with L i +  
have shown t h i s  t o  be the  case.  Mechanisms through which r a r e  e a r t h s  
improve a i r -oxida t ion  r e s i s t ance  a r e  not f u l l y  e s t ab l i shed ;  a s  ou t l ined  
previously,  t he  improvements afforded by ra re-ear th  addi t ions  a r e  w e l l  
documented and appear t o  a r i s e  from increased adherence of the  oxide and 
a decreasing f l u x  of Cr* ions  through the  growing sca le .  These bene- 
f i c i a l  e f f e c t s  a r e  associated w i t h  favorable  i n t e r a c t i o n s  between C r  0 
and the  r a r e  e a r t h s  i n  the  form of oxides r a t h e r  than  i n  t h e  elemental  
f o r m .  
i n t e r a c t i o n  of (RE1203 and Crz03 t o  form perovski te  oxides of the type 
(REICrO,, which have higher thermal s t a b i l i t y  than the  normal sur face  
s c a l e ;  changes i n  the  s t r eng th  and p l a s t i c i t y  of Cr,O, by minor d isso lu-  
t i o n  of the  r a r e  e a r t h s ;  (REI20, p a r t i c l e s  ac t ing  a s  s inks  f o r  vacancies 
t h a t  d i f f u s e  countercurrent  t o  C r  atoms, thus  r e t a rd ing  void formation 
and eventual  s p a l l i n g  a t  t h e  oxide-metal i n t e r f a c e ,  have been advanced a s  
models a s  discussed i n  preceding sec t ions .  A l l  may, i n  f a c t ,  be involved 
t o  g rea t e r  or lesser degrees. 
2 3  
Keying of the Cr203 by ra re-ear th  oxide [(RE) 0 ] p a r t i c l e s ;  
2 :  
Based on the  f a c t o r s  summarized above, the  requirements of t h i s  
coat ing program can be s t a t e d  a s  the  development of a sur face  pro tec t ion  
sys t em t h a t  w i l l  prevent a i r  embrittlement of chromium a l loys  without 
i tself  increas ing  the DBTT or decreasing the  elevated-temperature s t rength .  
The s y s t e m  thus se l ec t ed  was derived from the poin t  of view t h a t  the  m o s t  
e f f e c t i v e  coa t ing  for chromium a l loys  w i l l  be an adherent,  s t a b l e ,  l o w -  
ionic-defect form of Cr,03. 
product has been pursued by: 
T h i s  s t a b i l i z e d  form of the  na tu ra l  oxidat ion 
(1) Doping w i t h  monovalent L i  
(2) Adding s i g n i f i c a n t  volume f r a c t i o n s  of (RE) 0 p a r t i c l e s  
2 3  t o  sur face  regions 
(3) Pretreatment of the  coated a l l o y  i n  pure oxygen t o  convert  
the  ra re-ear th  s o l u t e s  t o  t h e i r  oxides 
(4) A combination of these approaches 
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This s t a b i l i z e d  Cr,O, approach was se l ec t ed  i n  preference t o  applica- 
t i o n  of i n t e rme ta l l i c  coa t ings ,  p r imar i ly  because most of t he  metals t h a t  
might be considered a s  cons t i t uen t s  of a coat ing a r e  known e i t h e r  t o  
d r a s t i c a l l y  embr i t t l e  chromium or t o  g rea t ly  decrease i t s  load-carrying 
c a p a b i l i t y  a t  e leva ted  temperatures. Large increases  i n  DBTT a re  observed 
upon moderate addi t ion  of aluminum, of n i cke l ,  and (perhaps t o  a lesser 
degree) of s i l i c o n  t o  chromium-base a l loys .  Additions of ra re-ear th  
elements, on the  o the r  hand, cause hot shortness  a t  qu i t e  low concentrat ions.  
It  would appear from ava i l ab le  da t a  t h a t  s i l i c i d e s  o f f e r  the  highest  poten- 
t i a l  of any of the  possible  i n t e r m e t a l l i c  sys t ems ,  and recent  work by 
Stephens ('') on such coat ings i s  r a t h e r  encouraging. 
a t  t he  ou t se t  of t h i s  work t h a t  s t a b i l i z e d  Crz03 coat ings of fe red  a more 
promising approach than any in t e rme ta l l i c .  
However, it appeared 
It i s  f u l l y  recognized t h a t  t h e  s tabi l ized-oxide approach represents  
a marked departure  from usua l  coa t ing  processes. I n  chromium, the  r eac t ion  
r a t e  i n  a i r  i s  cont ro l led  by the  d i f fus ion  of ca t ions  (predominately Cr+3) 
through the  growing sca le .  A s  long a s  t h a t  s ca l e  remains adherent,  fore ign  
anions such a s  n i t rogen  a re  denied access t o  the  subs t r a t e ,  s ince  t h e i r  
d i f fus ion  r a t e s  a r e  lower than t h a t  of Cr+3 by a f a c t o r  of a t  l e a s t  lo4. 
It was on t h i s  concept t h a t  the  work described here has been based. 
The s p e c i f i c  surface coa t ings  evaluated i n  t h i s  study a r e  a s  follows: 
(1) Li-doped C r  
(2) Yz03 p a r t i c l e s  i n  C r  
(3)  
(4) Combinations of the  above 
Preoxidation t o  form s t a b i l i z e d  Crz03 and/or YCrO, 
The meta l l id ing  process was used i n  producing L i  and C r + L i  sur face  
l a y e r s ,  and plasma spraying was employed t o  deposi t  Cr+Y O3 coat ings  
containing from 10 t o  50 volume pekcent of the oxide. 
techniques a r e  described i n  following sec t ions ,  
Tge coa t ing  
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4.0 EXPERIMENTAL PROCEDUl7ES 
4.1 COATING TECHNIQUES 
4.1.1 Metal l iding 
Metal l iding i s  a process t o  produce d i f fus ion  coa t ings  on me ta l l i c  sub- 
s t r a t e s  by e l e c t r o l y s i s  i n  fused-sal t  bathscz6 ) . This process encompasses 
t h e  i n t e r a c t i o n ,  mostly i n  t h e  s o l i d  s t a t e ,  of approximately 50 metals and 
metal loids  ranging from beryll ium t o  uranium. Over 400 combinations, not 
including a l loy  va r i a t ions ,  have been s tudied  using 20 d i f f e r e n t  metals a s  
anodes and over 40 a s  cathodes. The process i s  shown schematically i n  
Figure 5. I t  i s  operated a t  temperatures ranging from about 900 t o  over 
2200°F, using i n e r t  atmospheres and metallic r eac t ion  vesse ls .  The cou- 
lombic y i e l d s  a r e  usual ly  quan t i t a t ive ,  p a r t i c u l a r l y  when the  cathodic  and 
anodic mater ia l s  a r e  r a t h e r  widely separa te  i n  the  electromotive s e r i e s ,  
and coa t ing  t i m e s  a r e  general ly  shor t .  Controlled,  uniform coa t ings  
ranging i n  thickness  from a f r a c t i o n  of a m i l  t o  many m i l s  can be obtained, 
many of which a re  unavai lable  by any o ther  technique. This technique was 
used i n  the  present work t o  produce chromium and l i th ium surface-al loying 
of a Cr-7Mo-2Ta-O.1C-0.13 (Y+La) subs t r a t e  a l loy .  
A c ross -sec t iona l  view of the  type of laboratory-s izes  e l e c t r o l y t i c  
c e l l  used i s  shown i n  Figure 6. I t  holds from 20 t o  30 pounds of sa l t .  
The furnace i s  sealed except €or a F iber f rax  gasket around the  ce l l ,  so 
t h a t  the des i red  atmosphere can be maintained a t  a l l  t i m e s .  Pu r i f i ed  argon 
was used i n  t h i s  study, although forming gas (9%Nz, lOO/OHz) i s  usua l ly  
employed i f  the  s u b s t r a t e  being coated i s  i n s e n s i t i v e  t o  these  gases. 
Nickel-plated s t e e l  covers  f o r  t he  Monel cel ls  are water cooled and a re  
f i t t e d  with e l ec t r i ca l ly - insu la t ed  doors. G l a s s  e l ec t rode  towers, with 
gas i n l e t  tubes f o r  f lu sh ing  when they a r e  opened, are mounted t o  the  
cover plate  with s i l i c o n e  rubber gaskets.  Automatic regula t ion  of the  
hea t ,  flow meters f o r  gases,  and instrumentat ion f o r  c o n t r o l l i n g  and 
measuring e l e c t r o l y s i s  a r e  provided on a con t ro l  panel.  A photograph of 
the  two-cell s t a t i o n  used i n  t h i s  work i s  shown i n  Figure 7. C e l l s  of 
t h i s  t y p e  have now been i n  continuous use f o r  over four  years.  
Most of the  meta l l id ing  r eac t ions  funct ion as b a t t e r i e s .  Thus, many 
of the  r eac t ions  are se l f - sus t a in ing ;  bu t ,  general ly ,  an ex te rna l  EMF i s  
applied t o  secure higher and more-uniform cur ren t  d e n s i t i e s  than the  bat-  
t e r y  ac t ion  w i l l  provide. I n  addi t ion  t o  using anodes of t he  metal t o  be 
deposi ted,  shielded carbon anodes can a l s o  be used i f  the  meta l l id ing  ion  
i s  replenished a s  i t  i s  consumed. This procedure w a s  employed i n  the  
l i t h i d i n g  port ion of the  present  work. Operating vol tages  become con- 
s iderably  higher with a carbon anode than wi th  a metal anode. 
A t y p i c a l  vol tage p lo t  i s  shown i n  Figure 8, which demonstrates t h a t  
the  po ten t i@l  d i f f e rences  a re  very low and can be used a s  a means of matching 
deposi t ion t o  d i f fus ion  r a t e s .  I f  p l a t i n g  i s  bui ld ing  up on the  sur face ,  
the  r e t u r n  of the vol tage t o  a negative-anode p o l a r i t y  upon i n t e r r u p t i o n  
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Figure 6. Cross Section of a Laboratory Metalliding Cell. 
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Figure 7. Typical Metalliding Cells and Related Equipment, 
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01 t he  cu r ren t  occurs v e r y  slowly or not a t  a l l .  I f  cathode materials 
t h a t  arc ahove t h e  meta l l id ing  ion  i n  t h c  electromotive series are placed 
i n  t h e  s a l t ,  they usua l ly  w i l l  go i n t o  so lu t ion  u n t i l  t he re  i s  no more 
me ta l l i d ing  ion  t o  d i sp l ace .  I n  some cases, however, t he  ma te r i a l  d i s -  
placed w i l l  p l a t e  on an a l l o y  with t h e  r e a c t i n g  su r face ,  thereby lowering 
i t s  electromotive a c t i v i t y  and stopping t h e  displacement r eac t ion .  Some 
success has been obtained the re fo re  i n  coa t ing  metals more r e a c t i v e  than 
the  me ta l l i d ing  agent by applying a l a r g e  vol tage  a s  t he  sample i s  immersed. 
This procedure w a s  employed i n  chromiding of t h e  present  chromium a l l o y .  
The bulk ENIF of t he  a l l o y  i s  lower than  t h a t  of chromium and should thus  
pose no problem with displacement. However, i t  w a s  f e l t  t h a t  s ince  t h e  
d i f f e rence  between t h e  pure-chromium anode and the  chromium-alloy cathode 
i s  not  g r e a t ,  l o c a l  EMF changes i n  t h e  v i c i n i t y  of yttr ium-rich or of 
tantalum-rich a reas  of t he  cathode might i n i t i a t e  displacement r eac t ions  
unless  this precaution w e r e  taken. 
Molten l fuo r ides  o l  the  a l k a l i  metals and a l k a l i n e  e a r t h s  are used 
exclusivc.ly as so lven t s  i n  meta l l id ing .  Their t h r e e  major c h a r a c t e r i s t i c s :  
( 1 )  Fluxing ac t ion  
( 2 )  High b o i l i n g  point 
( 3 )  1Iigh s t a b i l i t y  make them uniquely s u i t e d  f o r  t h i s  purpose. 
Among thei r import an t  func t ions  are : 
(1) Retention of the  me ta l l i d jng  ion  i n  s o l u t i o n  
( 2 )  ; ) i s so lu t ion  01 oxide f i lms  from cathode sur faces  
(3 )  Maintenance of a low vapor pressure a t  opera t ion  temperature 
(4 )  Fur ther  r e s i s t a n c e  of displacement r eac t ions  by t h e  anode metal 
by v i r t u e  of t he  high a c t i v i t y  of t h e i r  c a t i o n s  
( 5 )  Provision of a noncorrosive e l e c t r o l y t e  
(6) Contribution of a high surface-tension medium i n  o rde r  t o  
minimize s a l t  removal by t h e  coated p a r t s  
Choice of t he  s p e c i f i c  f l u o r i d e  so lvent  depends l a rge ly  upon t h e  temperature 
range t o  be used i n  meta l l id ing .  Low melting e u t e c t i c  mixtures such as t h e  
L i ,  N a ,  K f l u o r i d e  e u t e c t i c  t h a t  m e l t s  a t  850°F are genera l ly  used a t  lower 
temperatures, and higher-melting e u t e c t i c s  or s i n g l e  compounds such as LiF 
t h a t  m e l t s  a t  1555OF are used a s  t h e  me ta l l i d ing  temperature i s  increased. 
Chromium i s  high enough i n  t h e  electromotive series t o  form d i f f u s i o n  
coa t ings  on most metals. The prefer red  opera t ing  temperature range f o r  
chromiding i s  1830-2100°F, but chromium has  considerable s e n s i t i v i t y  t o  
oxygen impur i t ies .  Previous work on chromiding s tee l  i n  f l u o r i d e  s a l t s  
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ind ica ted  t h a t  dendr i te  formation and heavy sal t  encrus ta t ions  on the  pieces  
made i t  doubtful  i f  t he  process could be operated economically. However, 
these r e s u l t s  were found when the  s a l t s  were not c l ean  and the  process 
improperly operated.  When t h e  s a l t s  a r e  s u b s t a n t i a l l y  f r e e  of oxygen and 
o ther  i n t e r f e r i n g  impur i t i e s ,  and the r a t e  of deposi t ion does not  exceed the  
rate of d i f fus ion ,  smooth, dendr i te - f ree  coa t ings  are cons i s t en t ly  produced. 
I t  i s  poss ib le  t o  make 0.5-mil coa t ings  i n  2-1/2 minutes ,  2-mil coa t ings  i n  
13 minutes, and 4-mil coa t ings  i n  40 minutes a t  2065°F on low carbon steels. 
The coa t ings  normally have 30-35% chromium on the  sur face ,  which gradual ly  
reduces t o  1% a t  the  d i f fus ion  boundary and then breaks o f f  sharply.  The 
coat ings are d u c t i l e ,  pinhole f r e e ,  and very oxidat ion r e s i s t a n t .  
Considerable background has been gathered i n  a l loy ing  chromium i n t o  
the  sur faces  of var ious o ther  s u b s t r a t e  metals and a l l o y s  by e l ec t ro -  
deposi t ion from molten sa l t  baths .  Some of t h i s  work has been performed 
i n  baths of t he  e u t e c t i c  mixture, 66.67 mole % NaF-33.33 mole % CaFz, and 
other  work has been done i n  pure LiF, each bath containing a small amount 
of the  a c t i v e  s a l t  CrF3. I n i t i a l l y ,  t h e  chromide coa t ings  formed i n  both 
s a l t  baths  appeared t o  be i d e n t i c a l .  However, when re f ined  a n a l y t i c a l  
techniques were appl ied,  those chromide coa t ings  made i n  LiF ba ths  were 
found t o  conta in  s m a l l  amounts of l i thium. 
found t h a t  chromium could be l i t h i d e d  i n  a LiF bath t o  form coa t ings  con- 
t a i n i n g  up t o  about 0.5 atomic % L i .  These coa t ings  produced bene f i c i a l  
e f f e c t s  upon a i r  oxidat ion of t he  samples("l' a s  discussed i n  the  in t ro -  
ductory sec t ion  of t h i s  r epor t .  
I n  a separa te  work(22) ,  i t  was 
Based on these  f ind ings ,  a l l  of t h e  meta l l id ing  i n  the  present  work 
w a s  conducted i n  LiF baths .  For chromiding, high-purity chromium anodes 
were produced by extruding Qnd subsequent swaging of s tee l - jacke ted  iod ide  
chromium crystals ,  and a small  concentrat ion of CrF3 w a s  added t o  the  fused 
s a l t .  L i th id ing  was performed with shielded carbon anodes i n  pure LiF. 
Af te r  meta l l id ing ,  any encrusted s a l t  w a s  removed by f i r s t  convert ing 
the  inso luble  f luo r ides  t o  water-soluble ch lo r ides  by immersion i n  a 
e u t e c t i c  a l k a l i  metal ch lor ide  (LiC1-NaC1-KC1) bath followed by thorough 
r in s ing  i n  hot water. I n  the  i n i t i a l  s tages  of the  work, t h i s  ch lor ide  
cleansing bath was y t t r ium ge t t e red ,  but t h i s  p rac t i ce  w a s  discontinued 
f o r  reasons t o  be described i n  a following sec t ion .  
4.1.2 Plasma Spraying 
The plasma to rch ,  a gas-s tab i l ized ,  e l e c t r i c - a r c  device,  w a s  used i n  
depos i t ing  powdered mixtures of chromium and YzO,. Argon ( a t  flow r a t e s  
from 80 t o  150 cubic  feet per hour) w a s  used as the  primary plasma-forming 
gas and hydrogen ( a t  flows of 4 t o  25 cubic f e e t  per hour) as the  mixing 
or secondary gas. The pressurized gases,  independently metered, flow i n t o  
a plenum chamber where they a r e  ionized by an a r c  formed between a tho r i -  
a ted tungsten cathode and a water-cooled copper nozzle t h a t  se rves  a s  t he  
anode. Currents  of 500 t o  600 amperes were employed i n  t h i s  work, a t  
po ten t i a l  d i f f e rences  of 30 t o  50 v o l t s  across  the  e lec t rode  gap. 
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A s  the  ionized gas flows i n t o  t h e  reduced sec t ion  of the  nozzle,  t he  
powdered material t o  be sprayed i s  fed i n t o  the plasma through a p a r t  i n  
the nozzle and i t s  housing, using argon a t  50 t o  40 cubic feet per  hour as 
the carrier gas. I n  the  cons t r i c t ed  nozzle sec t ion ,  the  ion ized  gases 
become highly concentrated,  r e s u l t i n g  i n  a corresponding increase  i n  t e m -  
perature .  There i s  a l s o  a thermal pinch effect; ,  which tends t o  concen- 
trate the cu r ren t  i n  the c e n t r a l  region of t he  plasma, and self-induced 
magnetic f i e l d s  tha t  f u r t h e r  c o n s t r i c t  the plasma and r e s u l t  i n  loca l ized  
temperature w e l l  i n  excess  of 15,000°F. The powdered s o l i d s  are r ap id ly  
heated t o  the  p l a s t i c  state and a r e  propelled a t  high ve loc i ty  onto the 
sur face  being coated,  which i n  t h i s  work w a s  maintained a t  a d i s t ance  of 
about 5 inches from t h e  nozzle o u t l e t  of the plasma gun. 
S i ze  ranges and chemical ana lys i s  of t h e  C r  and Y,03 powders used are 
shown i n  Table I. The powders w e r e  mixed i n  a twin-shel l  blender and were 
de l ivered  t o  t h e  plasma gun suspended i n  a flow of argon a s  the carrier 
gas,  by means of a powder feed un i t .  T h i s  u n i t  c o n s i s t s  of an argon- 
pressurized c a n i s t e r  mounted on a v ibra tory  bar and equipped w i t h  a var i -  
able  speed metering screw con t ro l l ed  by a DC d r i v e  mechanism t h a t  permits 
any des i red  powder feed rate i n  the  range from 0 t o  24 pounds per hour. 
The v i b r a t o r  causes  t h e  powder-gas mixture t o  be "f luidized",  thereby 
in su r ing  t h a t  the metering screw i s  completely f i l l e d  w i t h  mater ia l  a t  a l l  
t i m e s .  A s a f e t y  switch i s  provided t o  prevent operat ion i f  t he  flow of 
carrier gas i s  in t e r rup ted .  The metering screw i s  c a l i b r a t e d  t o  a repeat-  
able accuracy of & 1 gram per  minute a t  i t s  maximum feed r a t e ,  which cor- 
responds t o  i t s  t o p  d r ive  speed of 400 rpm. Powdered mixtures of C r  plus  
10, 30, and 50 volume percent Y z 0 3  were deposi ted a t  thicknesses  of 2 t o  
7 m i l s  on the  Cr-7Mo-2Ta-Oe1C-O.13(Y + La) s u b s t r a t e  a l loy .  S teps  employed 
i n  the eva lua t ion  of the  var ious plasma-sprayed and metall ided-coating 
v a r i a t i o n s  a r e  described i n  the  following sec t ions .  
4.2 TESTING TECHNIQUES 
4.2.1 Specimen Prepara t ion  
The subs t r a t e  a l l o y  was received from NASA i n  the  form of 160 as- ro l led  
1 x 2-inch coupons w i t h  th icknesses  varying from 0.063 t o  0.066 inch. Each 
of these coupons w a s  f u r t h e r  sect ioned by abrasive sawing i n t o  two longitu- 
d i n a l  coupons wlth nominal dimensions of 0.5 x 1.5 inches and one t ransverse  
0.5 x 1-inch sec t ion .  The l a t te r  specimens w e r e  used i n  e s t a b l i s h i n g  accep- 
table coa t ing  techniques,  and the  longi tudina l  samples were r e t a ined  f o r  
bend-test evaluat ion.  Following t h i s  operat ion,  a l l  edges were rounded t o  
a r ad ius  of approximately ha l f  the shee t  thickness  by hand gr inding and 
buffing. Each sample was then  e lec t ropol i shed  a t  a cu r ren t  dens i ty  of 0.2 
amp/cm using an e l e c t r o l y t e  of 1% perchloric- 90% a c e t i c  ac id  maintained 
a t  or below 50'F. E lec t ropol i sh ing  w a s  used t o  provide a uniform s t a r t i n g  
sur face  and t o  a i d  i n  t he  de t ec t ion  of any edge cracking by  f luorescent  
penetrant  inspect ion.  After  t h i s  condi t ioning sequence, the  samples were 
s t r e s s - r e l i eved  by heat t r e a t i n g  i n  vacuum of low4 t o r r  f o r  1 hour a t  2000°F. 
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Table I .  Characterization of Powders Used i n  Plasma Spraying. 
Coarse C r  44 - 105 
Fine Cr 1 .6  - 10 
Coarse Y2O3 44 - 74 
Fine Y2O3 12 - 24 
Aver age 
85 
4 . 5  
62 
20 
Major Impurities (Wt. %) 
0.07 0.015 --- 
0 , 4 0  0 . 2  0 .15  
0.01 
0.03 
--- --- 
--- --- 
* Total rare-earth element content present a s  oxides.  
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Following the  f i n a l  coa t ing  s t e p ,  described i n  the  preceding sec t ions ,  t h e  
samples were again vacuum heat  t r e a t e d  under i d e n t i c a l  condi t ions  both t o  
provide r e l i e f  of stresses t h a t  may have developed i n  any of the  coa t ing  
cyc les  and t o  enhance bonding between the  coa t ing  and the  subs t r a t e .  
4.2.2 Oxidation Exposures 
A l l  a i r -oxidat ion exposures w e r e  conducted i n  resistance-heated box 
furnaces  a t  2100'F using ZrOz c r u c i b l e s  upon which l i d s  were placed imme- 
d i a t e l y  af ter  removal from t h e  furnace t o  r e t a i n  any spa l l ed  p a r t i c l e s .  
N o  a i r  c i r c u l a t i o n ,  o the r  than the  n a t u r a l  convection c u r r e n t s  within each 
furnace,  was imposed. A l l  cha rac t e r i za t ion  of t he  a i r -oxida t ion  behavior 
of the  noncoated s u b s t r a t e  a l l o y  and of t he  f i r s t  series of plasma-sprayed 
coa t ings  was conducted p r i o r  t o  any oxidat ion of metal l ided coa t ings ,  s ince  
e a r l i e r  da t a  had suggested t h a t  even t r a c e  amounts of L i  tha t  might remain 
i n  the furnace a f t e r  oxidat ion of the Li-containing metal l ided l a y e r s  could 
inf luence  the  sca l ing  r a t e  of Li - f ree  chromium. Most of t he  oxidat ion work 
i n  the  i n i t i a l  s t ages  of t he  program involved continuous exposures t h a t  
were terminated af ter  50 t o  200 hours a t  temperature. La ter  i n  the  program, 
c y c l i c  ox ida t ion  w a s  a l s o  performed, i n  which specimens were removed from 
the furnace and cooled t o  room temperature a t  spec i f ied  i n t e r v a l s  during 
the exposure. A l l  samples were weighed t o  t h e  neares t  0 .1  mill igram and 
examined for any evidence of s p a l l i n g  or b l i s t e r i n g  a t  i n t e r v a l s  during 
c y c l i c  t e s t i n g  and a t  the  terminat ion of each exposure. A t  t he  beginning 
of the work, dimensional changes w e r e  a l s o  measured w i t h  a ve rn ie r  micro- 
meter, but  t h i s  p rac t i ce  w a s  discontinued when i t  w a s  shown t h a t  the appa- 
r e n t  thickness  changes were on t h e  order  of 0.1 m i l ,  which i s  no g rea t e r  
than the measuring e r r o r  of the instrument.  
P r i o r  t o  the a i r  oxidat ion tests, many of the specimens were p re t r ea t ed  
i n  pure oxygen a t  1800 t o  20OO0F for 1 t o  4 hours. These preoxidat ion runs 
w e r e  made i n  a small, res is tance-heated Leco furnace a t  an oxygen pressure 
of 800 t o r r ,  using ZrOz c ruc ib l e s  t o  support  the chromium samples. Weight 
changes were recorded as descr ibed above. 
4.2.3 Metallographic and Chemical Analysis 
Standard techniques f o r  prepara t ion  and examination of metallographic 
samples were employed. I n  most cases, specimens w e r e  sect ioned and polished 
normal t o  t h e  coated sur face  i n  the longi tudina l  d i r e c t i o n  of the rolled 
sheet. 
degrees,  t o  the coated sur face ,  such t h a t  an add i t iona l  t a p e r  magnification 
of 8 : l  w a s  imposed upon the o p t i c a l  magnifications se lec ted  f o r  examination. 
I n i t i a l  po l i sh ing  was performed on Emery papers through 600 g r i t ,  wi th  f i n a l  
po l i sh ing  on a v ibra tory  Syntron using a 1% chromic acid - Linde B alumina 
s l u r r y  as the  abrasive.  Specimens were f i r s t  examined i n  the unetched con- 
d i t i o n  t o  measure any porosi ty .  
performed e l e c t r o l y t i c a l l y  a t  a cu r ren t  dens i ty  2 t o  3 amp/cm 
following mixed reagents :  
I n  a few ins t ances ,  sec t ion ing  w a s  performed a t  an angle of 7.2 
Unless otherwise noted, a l l  e tch ing  was 
2 i n  the 
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H2 0 100 m l ,  d i s t i l l e d  
KOH 50 m l ,  1% s o l .  
H3 Po4 40 m l ,  85% sol .  
K3Fe (CNIG 50 m l ,  10% s o l .  
H2 c2 04 20 g 
&Fe(CN)eO.3H2O 5 g  
Microhardness measurements of the  var ious types and/or l aye r s  of the  
coa t ings  and subs t r a t e  were made on a Kentron machine using a symmetrical 
diamond pyramid indenter  and loads ranging from 25 t o  100 grams. Hardness 
t r ave r ses  a f t e r  a i r  oxidat ion w e r e  made a t  depth increments of 0.5 t o  1 
m i l  using a 50-gram load.  
W e t  chemical, x-ray f luoresence,  and spectrographic procedures were 
employed i n  ana lys i s  of me ta l l i c  cons t i t uen t s ,  and vacuum fusion f o r  gas  
ana lys i s .  I n  the  l a t t e r ,  a platinum ba th  a t  3630°F w a s  used, with the  
r a t i o  of t h e  weight of P t  t o  t h e  cumulative weight of samples maintained 
above 20:l .  Debye-ScherEr x-ray d i f f r a c t i o n  pa t t e rns  of powdered oxi- 
da t ion  products were used t o  monitor any changes i n  the  oxide or n i t r i d e  
sca l e  ( s )  . 
4.2.4 Mechanical Test ing 
Bend t e s t i n g  was exc lus ive ly  used t o  determine the  d u c t i l e - b r i t t l e  
t r a n s i t i o n  temperature (DBTT) as a f f ec t ed  by coa t ing  va r i ab le s  and a i r  
oxidation. Three-point bending w a s  performed i n  an I n s t r o n  frame, using 
an anv i l  with an included angle of 75 degrees,  and a 0.75-inch span. The 
thickness  ( t )  of t he  specimens var ied from 0.063 t o  0.080 inch ,  depending 
on the  t y p e  and thickness  of t he  coa t ing ,  and a r a m  with a rad ius  (R) of 
0.250 inch was used i n  each case.  U s e  of t h i s  r ad ius  imposed t e n s i l e  
s t r a i n s  ranging between about 11 and 14% on t h e  convex surfaces .  Most 
t e s t s  were made a t  a head speed of 1 i p m ,  wi th  a f e w  being conducted a t  
0.05 ipm t o  provide comparison t o  earlier data .  
The DBTT f o r  each coating-exposure condi t ion w a s  defined a s  the  
average of the lowest temperature a t  which a f u l l  105-degree bend was 
obtained and the  highest  temperature a t  which f a i l u r e  occurred a t  any 
lower bend angle.  With r a r e  except ions,  these  two values  d i f f e r e d  by 
no more than 50°F. Tes t s  i n  l a t te r  s t ages  of the  work were a l l  made t o  
f u l l  bend or f a i l u r e .  I n  the  screening phases of t h e  work, a m u l t i p l e -  
bend technique ( i n  which a s i n g l e  specimen w a s  bent through predetermined 
angles a t  successively lower test temperatures) w a s  used t o  provide an 
e a r l y  assessment of the  pro tec t iveness  of t he  coat ings.  I n  each case, 
the  f i r s t  appearance of a crack t h a t  caused a sudden drop i n  load on the  
c h a r t  recorder  o f  t h e  t e s t i n g  machine was in t e rp re t ed  as f a i l u r e .  These 
cracks usua l ly  propagated across  the  specimen immediately; bu t ,  
occasional ly ,  a t  t e s t  temperatures of 800°F or above, a crack w a s  
a r r e s t ed  near the  neu t r a l  a x i s  of the  specimen. 
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4.3 OVERALL PROGRAM PLAN 
The first s t a g e s  of the  program were devoted t o  cha rac t e r i z ing  t h e  
DBTT of the  s u b s t r a t e  a l l o y  and t o  e s t a b l i s h i n g  s u i t a b l e  processing 
sequences f o r  producing coa t ings  of the  following three types:  
1. Chromided layers from LiF-CrF, bath,  pure C r  anode 
2. Li thided layers from LiF bath,  shielded C anode 
3. Plasma-sprayed C r  + YzO:, layers 
Coatings of these types,  covering r e l a t i v e l y  wide ranges of appl i -  
ca t ion  parameters, w e r e  evaluated w i t h  respec t  t o  thickness ,  uniformity,  
dens i ty ,  microstructure ,  and microhardness on 1/2 x 1-inch samples of the  
subs t r a t e  a l loy .  Once l i m i t s  f o r  s a t i s f a c t o r y  coa t ings  were thus  deter- 
mined, bend-test samples were prepared from each of t h e  th ree  systems 
near mid-point condi t ions  and tested i n  t h e  following s t a t e s :  
A. A s  coated 
B.  (A) plus  vacuum annealed 2 hours/2000°F 
C. (A) p lus  preoxidized 2 hours/2000°F i n  pure 02 
D. (C) p lus  2100°F/200 hours/argon 
Fur ther  screening of the  coa t ings  w a s  performed on dup l i ca t e  bend 
coupons of s eve ra l  selected modif icat ions of each coa t ing  t y p e  by pre- 
ox id iz ing  f o r  s h o r t  t i m e s  (1 t o  4 hours) a t  1800 t o  2100°F i n  pure 
oxygen; these  screenings w e r e  followed, i n  t h e  case of those coa t ings  
t h a t  r e su l t ed  i n  adherent scales, by 50-hour continuous a i r  oxidat ion a t  
2100OF. Weight changes w e r e  measured a f t e r  each exposure. E f f e c t s  of 
the  50-hour a i r  exposure on t h e  DBTT were approximated by using a multiple- 
bend p lus  full-bend technique i n  which the f i r s t  sample was bent through 
an angle of 15 degrees atlOOO°F, then through add i t iona l  angles  of 15 
degrees a t  successively lower temperatures i n  decrements of 100°F u n t i l  
f a i l u r e  occurred. The second sample w a s  then deformed t o  a 45-degree 
bend or f a i l u r e  a t  a temperature 100°F above t h e  value determined as 
described above, then t o  a f u l l  105-degree bend or f a i l u r e  a t  50°F above 
the  f a i l u r e  temperature of t he  i n i t i a l  specimen. Following bend t e s t i n g ,  
micros t ruc tura l  examination and microhardness t e s t i n g  w e r e  performed as 
out l ined  i n  Sec t ion  4.2.3. 
Coating v a r i a t i o n s  of each type t h a t  exhib i ted  the g r e a t e s t  d u c t i l i t y  
r e t en t ion  i n  50-hour screening tests w e r e  appl ied t o  a second series of 
bend specimens. These were vacuum annealed and preoxidized as described 
above and then subjected t o  continuous 100-air exposures a t  2100OF. 
coa t ings  t h a t  were adherent and exhib i ted  r e l a t i v e l y  small  weight ga-ins 
Those 
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under these condi t ions  were then f u r t h e r  exposed for  100 hou'rs a t  2100°F 
under c y c l i c  condi t ions ,  i n  which specimens were cooled t o  room temperature 
a t  2-hour i n t e r v a l s  f o r  the  first 20 hours and a t  20-hour i n t e r v a l s  there-  
a f t e r .  Samples from t h i s  group were bend t e s t e d  and examined metallo- 
graphica l ly  a s  described above. 
Based on the r e s u l t s  obtained t o  t h i s  poin t ,  the most a t t r a c t i v e  modi- 
f i c a t i o n s  of each indiv idua l  coa t ing  type were se lec ted  f o r  evaluat ion a s  
combined coa t ing  systems.  I n  each case, the  f i r s t  coa t ing  appl ied w a s  the 
most e f f e c t i v e  of t he  chromided layers .  This enabled t h e  i s o l a t i o n  of 
r eac t ive  cons t i t uen t s  of the subs t r a t e  a l l o y  from t h e  a i r  environment i n  
case outer  layer(s) of the coa t ing  were penetrated or otherwise became 
inopera t ive .  Over t h i s  chromided undercoat were appl ied se lec ted  l i t h i d e d  
plus  plasma-sprayed Cr-Y203 l a y e r s  , and plasma-sprayed Cr-Y203 l aye r s  alone. 
These multiple-component coa t ings  w e r e  t e s t e d  i n  the  same manner as t h a t  
described above f o r  the ind iv idua l  systems - shor t  exposures i n  pure oxygen 
followed by 50- and 100-hour exposures i n  a i r  a t  2100°F, the  l a t t e r  both 
continuous and cyc l i c .  Evaluation cons is ted  of measurement of weight 
change, observat ion of the adherence of the  sca l e ,  approximation of t he  
DBTT by t h e  multiple-bend technique, metallographic examination, and micro- 
hardness t e s t i n g .  
F ina l ly ,  based on the  da t a  gathered i n  the  screening and preliminary- 
evaluat ion s tages  of t h e  work, the four  most a t t r a c t i v e  coa t ings  were 
se lec ted  and subjected t o  more c r i t i c a l  test condi t ions.  Air-oxidation 
exposures were extended t o  200 hours using continuous and c y c l i c  exposures;  
coated specimens were t e s t e d  w i t h  i n t e n t i o n a l  de fec t s ,  i n  addi t ion  t o  
t e s t i n g  i n  the as-coated condi t ion ;  and, the  r a t e  of cool ing t o  room t e m -  
perature  during c y c l i c  oxidat ion w a s  varied.  Oxidation products w e r e  
i d e n t i f i e d  by x-ray d i f f r a c t i o n  ana lys i s ,  and the oxygen and ni t rogen 
conten ts  of the subs t r a t e  were determined by the  vacuum-fusion technique 
a f t e r  removal of the  s c a l e  and coa t ing  by grinding. 
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5 .O EXPERIIVWNTAL KESULTS 
5.1 SUBSTRATE CHARACTERIZATION 
The a l loy  used f o r  t h e  s u b s t r a t e  i n  t h i s  work w a s  developed i n  a sepa- 
rate NASA program undertaken by t h i s  laboratory'14' , and w a s  procured by  
NASA as m i l l  product ,  t he  production of which has been described i n  de ta i l  
by Slaughter  e t  a l t Z 7 ) .  
i n  Table 11. 
t o  320 f 15 kg/mm2 by a 200-hour anneal in vacuum a t  2100'F. 
A chemical ana lys i s  of t h e  hea t  used here is shown 
The average as-received hardness of 335 kg/mm2 w a s  reduced 
Resul t s  of weight gain measurements i n  100- and 200-hour c y c l i c  air- 
oxidat ion t e s t s  on the a l l o y  a t  2100aF are shown i n  Figure 9. 
hour d a t a  p lo t t ed  are average values  f r o m  four  specimens, and r e s u l t s  f o r  
the f i r s t  100 hours are averages of e i g h t  specimens. Ind iv idua l  measure- 
ments w e r e  rather uniform, w i t h  terminal  weight g a i w  of 5.3 t o  6.2 mg/cm 
a t  the end of 200 hours exposure. Some s p a l l i n g  occurred i n  each sample, 
i n  c o n t r a s t  t o  the behavior i n  continuous 200-hour oxidat ion exposure where 
weight gains  of 4.9 t o  5.5 mg/cm2 were recorded. The s c a l e s  were adherent 
a f t e r  the s i n g l e  cool ing  cycle t o  room temperature. In t e rg ranu la r  n i t r i -  
da t ion  accompanied by subsurface hardening was observed t o  depths  of 15 t o  
18 mils i n  the cycl ic-oxidat ion samples as shown by the photomicrograph and 
hardness t r ave r se  i n  Figures  10 and 11, compared t o  about 10 mils a f t e r  con- 
t inuous 200-hour oxidat ion.  Note i n  Figure 1OB t h a t ,  although the  scale on 
the  continuously-exposed sample i s  adherent,  t he re  i s  considerable  b l i s -  
t e r i n g  of the oxide which probably accounts f o r  the observed n i t r i d e  for-  
mation. 
as C r 2 N ,  with a hexagonal u n i t  c e l l  a = 4.782A, c = 4.446A. There w e r e  
a l s o  trace amounts of zpother phas? i n  the  e x t r a c t  tha t  could be indexed 
as hexagonal a = 5.182A, c = 2.914A. These u n i t  ce l l  values  are c lose  t o  
those f o r  TaN, and suggest t h a t  some TaN has formed i n  in t e rg ranu la r  
regions.  
The 200- 
2 
The predominant n i t r i d e  phase w a s  i d p t i f i e d  by y a y  d i f f r a c t i o n  
Measurements of the DBTT of the a l loy  were made a f t e r  stress r e l i e v i n g  
f o r  1 hour a t  2000'F i n  vacuum, a f t e r  vacuum annealing f o r  200 hours a t  
2100'F, and a f t e r  both continuous and cyclic a i r  oxidat ion f o r  200 hours 
a t  2100OF. Resul t s  of t h e  bend tests a r e  presented i n  T a b l e  111. The 200- 
hour vacuum anneal a t  2100°F, which r e s u l t s  i n  complete r e c r y s t a l l i z a t i o n  
and some agglomeration of t h e  TaC d ispers ion ,  y i e l d s  a DBTT of about 580°F, 
only a moderate increase  over the  value of 490°F measured i n  the stress- 
re l i eved  condition. I t  should be noted i n  passing, tha t  the  as-received 
shee t  w a s  i n  f a c t  p a r t i a l l y  r e c r y s t a l l i z e d  during the processing sequence 
employed by the producer, and t h a t  the y i e ld  s t r eng ths  recorded i n  Table 
I11 are consequently much lower than those measured e a r l i e r  on warm-worked 
bar  stock of t he  same a l l o y  . (14) 
A i r  oxidat ion,  as expected, causes  a d r a s t i c  increase  i n  the DBTT. 
After e i ther  continuous or c y c l i c  exposure a t  2100°F, bends of less than 
15 degrees were measured a t  a l l  test temperatures through 1400°F, which 
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Table 11 .  Chemical Analysis of Substrate Alloy. 
El enient 
Cr 
Mo 
Ta 
C 
Y 
La 
0 
N 
H 
S 
P 
A1 
Fe 
Hf 
Cb 
Ni 
Si 
Ti 
v 
w 
Zr 
Average Concentration (Wt. %) 
Heat 13 1 
Balance 
7.01 
2.10 
0.099 
0.09 
0.04 
0.0049 
0.0032 
0.0016 
< 0.002 
< 0.001 
0.007 
0.003 
0.05 
< 0.03 
< 0.001 
0.02 
0.001 
< 0.001 
< 0.05 
0.0050 
Heat 140 
Balance 
7.12 
2.14 
0.103 
0.17 
0.12 
0.0030 
0.0037 
0.0030 
< 0.002 
< 0.001 
0.002 
0.003 
< 0.05 
< 0.03 
< 0.001 
0.01 
< 0.001 
< 0.001 
< 0.05 
0.0070 
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A. Cyclic Exposure Mt. A7886 
B. Isothermal Exposure Mt. A8573 
Figure 10. Surface Microstructure of Cr-7Mo-TaC 
Alloy after 200-Hour Air Oxidation 
at 2100'F (500x1, 
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Figure 11. Effect of Air Oxidation on the Subsurface Hardening 
of Cr-7Mo-TaC. 
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Table 111. Bend Proper t ies  of Cr-7Mo-2Ta-O.lC-O.l3(Y+La) Alloy. 
T e s t  
Temp (OF) 
A .  S t r e s s  Relieved 
2000°F/1 Hr/Vac 400 
45 0 
475 
5 00 
600 
B .  Annealed 
2100°F/200 Hrs/Vac 400 
500 
550 
5 75 
600 
C. Oxidized 
2100°F/200 H r s / A i r  
(I sothermal) 600 
1000 
1200 
1400 
D. Oxidized 
2100°F/200 Hrs/Air 
(Cyclic) 800 
1000 
1200 
1400 
Bend 
Angle 
(" 1 
8 
35 
54 
F u l l  
F u l l  
2 
25 
32 
90 
F u l l  
0 
3 
4 
6 
4 
7 
12 
14 
Fiber  S t r e s s  DBTT* 
A t  Yield (KSI) ( O F )  
82.5 
62.5 
47.6 
49.6 
51.7 
12.4F 
53.7 
60.3 
53.4 
50.4 
490 
480 
>1400 
37 e 2F 
26.1 
39.2 
47.1 
54.8 
47.5 
41.5 >1400 
41.9 
* Approximate temperature f o r  f u l l  105O bend of 0.063-inch sheet 
samples over r ad ius  of 4%. 
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(because of d i s t o r t i o n  of the  V-block and ram a t  higher temperatures) i s  
near the  upper l i m i t  of the  test method. I t  i s  of i n t e r e s t  t h a t  some p l a s t i c  
deformation preceded f r a c t u r e  a t  test temperatures as low as 800°F; and, 
t h a t  a t  a given test tempera ture ,  somewhat g rea t e r  deformation w a s  observed 
af ter  c y c l i c  than a f t e r  continuous a i r  exposure. I n  view of the g rea t e r  
depth  of n i t r i d e  formation i n  c y c l i c  oxidat ion,  t h i s  behavior a t  f i r s t  
appears anomalous. I t  i s  probably assoc ia ted  w i t h  the  heavier  l a y e r s  of 
adherent oxide on continuously-exposed samples. The s t r a i n  required t o  
i n i t i a t e  cracks i n  t h e  s c a l e  decreases as the  scale thickness  inc reases ;  
and, once these cracks  are formed, t h e y  cannot be a r r e s t ed  by  the nitrogen- 
embr i t t l ed  matrix a l loy .  tha t  the 
oxide s c a l e  i s  not  d i r e c t l y  responsible  for t he  l a rge  increase  i n  t h e  DBTT, 
s ince  exposures of carbide-strengthened Cr-Y a l l o y s  i n  pure oxygen r e s u l t  
i n  i nc reases  i n  t h e  DBTT of only 100 t o  200°F a t  the  most. 
of n i t r i d a t i o n ,  p l a s t i c  bending of such samples a t  intermediate  temperatures 
r e s u l t s  i n  profuse cracking of the oxide,  b u t  the c racks  do not propagate 
i n t o  the  matrix. Fur ther  work along the same l i n e s  was performed i n  t h i s  
study on coa t ings  t h a t  were pretreated i n  pure oxygen, the r e s u l t s  of 
which also i n d i c a t e  t h a t  oxide formation, per se, has l i t t l e  adverse e f f e c t  
on the DBTT as w i l l  be shown i n  the  following sec t ions .  
On the  other hand, i t  has been shown(2e) 
I n  the  absence 
5.2 DEPOSITION AND OXIDATION OF CHFUNEDED COATINGS 
Samples of the  subs t r a t e  a l l o y  w e r e  chromided i n  a molten LiF-CrF, 
ba th  a t  temperatures from 1800 t o  2100°F f o r  per iods of 30 minutes t o  
4 hours over a range of cu r ren t  d e n s i t i e s .  Under the condi t ions  examined, 
weight gains  from about 3 t o  25 mg/cm were recorded, corresponding t o  
thicknesses  of chromium ranging from less than 0.2 t o  about 1.4 m i l s .  
Regardless of th ickness ,  the  diamond pyramid microhardness of the chro- 
mided layers w a s  125 k 5 kg/mm2 a t  a 50-gram load. 
covering the  ranges inves t iga ted  i n  t h i s  work a re  shown i n  Table I V .  
2 
Deposition parameters 
Since there i s  only a s m a l l  d i f f e rence  between the  EMF of chromium and 
tha t  of t h e  chromium-base a l loy  being coated, the coulombic e f f i c i e n c i e s  
obtained i n  the  chromiding work w e r e  cons i s t en t ly  lower than 100% of theo- 
r e t i c a l .  These e f f i c i e n c i e s  were ca l cu la t ed  from the weight gains  measured 
a f t e r  removal of t he  encrusted s a l t  by the  c leaning  procedure described i n  
Sect ion 4.1.1. Most of t he  meta l l id ing  condi t ions  yielded e f f i c i e n c i e s  
between 70 and So%, but  values  a s  low as 50% and as high a s  98% were 
measured. Note t h a t  both the  high and l o w  coulombic e f f i c i e n c i e s  were 
unusually assoc ia ted  w i t h  r e l a t i v e l y  high cu r ren t  dens i t i e s .  
A t  the  higher cu r ren t  d e n s i t i e s ,  there w a s  a marked t rend  toward depo- 
s i t i o n  and growth of t h e  chromium as d i s c r e t e  p a r t i c l e s  t h a t  resemble den- 
d r i t i c  sp ikes ,  r a t h e r  than growth as a continuous sur face  l aye r .  T h i s  
behavior,  which i s  i l l u s t r a t e d  i n  Figure 12A, was p a r t i c u l a r l y  pronounced 
under condi t ions  t h a t  y ie lded  weight gain rates above about 15 mg/cm’/hr. 
Lowering the cu r ren t  dens i ty  t o  20 t o  3W0 of the  highest  values  employed 
v i r t u a l l y  e l iminated the  nonuniform.degosit ion as shown i n  Figure 12B. 
I s o l a t e d  examples of acce lera ted  growth were very r a r e l y  observed a t  low 
cu r ren t  dens i ty  and, when present ,  w e r e  confined t o  end f aces  of the  spe- 
cimens near t he  e l e c t r i c a l  contac ts .  
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Table I V .  Deposition Parameters Employed i n  Chromiding. 
D e s i  gnat ion 
A l *  
A2* 
B* 
C* 
D* 
E l  
E2 
E 3  
E4 
F 
G 1  
G2 
G3 
H 
I 
Temp 
("PI -
1905 
1905 
1830 
2010 
1940 
1960 
1960 
1960 
1960 
1940 
1940 
1940 
1940 
2010 
1830 
Time 
( M i d  
60 
60 
120 
30 
180 
180 
180 
180 
180 
120 
30 
30 
30 
30 
180 
R e  l a  t i v e  
Current D e n s i t y  
3.3 
3.3 
4.3 
2.7 
1.4 
1.4 
1.3 
1 .4  
1.35 
1.0 
5.2 
5.0 
5.0 
3.0 
2.0 
W t  Gain 
(mg/cm2 1 
10.3 
14.8 
4.7 
13.3 
14.1 
13.4 
13.8 
14.7 
7.1 
6.8 
10.7 
6.0 
5.4 
17.6 
Eff ic iency 
(%I 
69.0 
52.5 
59.8 
79.8 
73.7 
79.2 
76.0 
76.2 
82.4 
78.3 
62.0 
97.9 
55.0 
77.1 
68.0 
* Inadequately cleaned samples 
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A. Relative Current Mt. A5823 
Density 5.0 
B. Relative Current Mt. A6353 
Density 1.4 
Figure 12. Representative Chromided 
Layers Produced at 1950 k 
10°F. 
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Some of the i n i t i a l  t reatments  i n  pure oxygen w e r e  conducted on 
samples t h a t  had been produced a t  high cu r ren t  dens i ty  and which had 
apparent coulombic e f f i c i e n c i e s  above 90% of t h e o r e t i c a l .  
gains  were measured and gross  s p a l l i n g  of the oxide occurred upon cool ing 
these specimens t o  room temperature a l te r  a 2-hour exposure i n  oxygen a t  
2000'F. Spectrographic ana lys i s  01 the spa l l ed  s c a l e  ind ica ted  a high 
y t t r i u m  content .  Since the chromided coa t ings  w e r e  s t i l l  i n t a c t ,  only 
the  oxides having spa l l ed ,  there appeared t o  be no p o s s i b i l i t y  t h a t  t h e  
Y i n  the  oxide could have come from the matr ix  a l loy .  The only other 
known source of Y w a s  t h e  ch lor ide  c leans ing  bath,  i n  which a Y-gettered 
LiC1-NaC1-KC1 e u t e c t i c  m e l t  w a s  employed t o  convert  inso luble  f luo r ide  
salts t o  so luble  ch lor ides .  Apparently, some Y i n  an inso luble  form w a s  
being t r ans fe r r ed  t o  the  specimen sur faces  during the cleaning process 
and w a s  entrapped in the c a v i t i e s  between t h e  dendr i t i c - l i ke  sp ikes  t h a t  
r e su l t ed  from chromiding a t  high cu r ren t  densi ty .  The more-uniform 
chromided layers produced a t  low cu r ren t  dens i ty  d id  not form s p a l l i n g  
oxides upon pretreatment i n  pure oxygen a f t e r  c leaning  i n  Y-gettered 
chlorides, but  d id  show very high weight gains  and gross  s p a l l i n g  during 
subsequent a i r  oxida t ion  under the screening condi t ions  of 50 hours a t  
2100'F. 
High weight 
Moderate concent ra t ions  of Y i n  chromium a l l o y s  are, of course,  bene- 
f i c i a l  t o  oxidat ion behavior. Yttrium i s  extremely r eac t ive ,  and i t s  con- 
cen t r a t ion  a t  t he  sur face  ( p a r t i c u l a r l y  i n  the f o r m  of a complex compound 
with e i ther  the  a lka l i  metals or the  halogens) could be the  cause of the 
acce lera ted  oxidat ion k i n e t i c s  and nonadherent scales. To f u r t h e r  i s o l a t e  
t he  source and cont r ibu t ion  of Y ,  a second series of chromided samples was 
prepared and cleaned by immersion i n  a Y-free ch lo r ide  m e l t ,  followed by 
water r i n s i n g  and 1-hour vacuum annealing a t  2000OF. 
samples exhib i ted  acce lera ted  r eac t ion  or s p a l l i n g  oxides a f t e r  a 2-hour 
exposure i n  oxygen a t  2000°F or 50-hour a i r  oxida t ion  a t  2100°F, and no 
Y was de tec ted  i n  spectographic ana lys i s  of the scales. Consequently, a l l  
f u r t h e r  c leaning of metal l ided samples was performed i n  Y-free ch lor ide  
baths .  
None of these 
Measurements of the  oxidat ion behavior of chromided coa t ings  are sum- 
marized i n  Table V .  Included f o r  comparison are some of the d a t a  obtained 
from the  inadequately-cleaned samples described above. The bes t  behavior 
w a s  observed i n  specimens chromided a t  low cur ren t  d e n s i t i e s  f o r  2 t o  3 
hours a t  1940 k 20'F. Quite l o w  weight gains  w e r e  measured a f t e r  50- and 
100-hour a i r  exposures a t  2100'F and only s l i g h t  s p a l l i n g  occurred under 
the  c y c l i c  exposure condi t ions.  Weight change d a t a  f o r  t h e  bes t  chromided 
coa t ings  i n  a i r  oxida t ion  a t  2100'F are compared t o  those f o r  high-purity 
iod ide  chromium and the  uncoated Cr-7Mo-2Ta-O.lC-O.l3(Y + La) a l l o y  i n  the  
log-log p l o t  of Figure 13. The k i n e t i c s  i n  each case a r e  very near ly  
parabol ic ,  a t  least  f o r  the first 50 or 60 hours of exposure. Af te r  tha t  
period (which corresponds t o  the  onset  of s l i g h t  s p a l l i n g  i n  the  chromided 
specimens upon c y c l i c  cool ing t o  room temperature) the  oxidat ion r a t e  
becomes f a s t e r ,  and the  r eac t ion  appears t o  approach l i n e a r  k i n e t i c s .  
39 
D e s i  g 
A 1  * 
B* 
C* 
D* 
E l  
E4 
F 
G2 
H 
I 
Table V. Oxidation Behavior of Chromided Samples. 
Chromiding Conditions 
Temp Time Re 1 
(Mid  C.D. - ( O F )  
1905 60 3.3 
1830 120 4.3 
20 10 30 2.7 
1940 180 1.4 
1960 180 1.4 
1960 180 1.4 
1940 120 1.0 
1940 30 5.0 
2010 30 3.0 
1830 180 2.0 
- 
* Inadequately cleaned samples 
A = Adherent oxide 
S = Spa l l ing  oxide 
B = B l i s t e r e d  oxide 
Oxidation Weight Gain (mg/cm’) 
2000°F O2 I sothermal Cyclic 
2 H r s  5Q H r s  100 H r s  100 H r s  
2.2As 2.46s - - 
5.3s 2.73s - - 
0.8A 5.29s - - 
1.3A 7.73s - - 
1.4A 0.71A 1.04A 1.32A 
1.6A 0.68A 1 10A 1.17A 
2.OA 0.82A 0.98A 1.22As 
2.6B 5.81A 8.40s - 
1.9A 2.61A 3.70A 4.05B 
1.7A 1.85A 2.62A 2.98B 
4 0  
Fr 
C 
C 
@ 
L 
0 
I- 
.r 
a 
0 
0 * 
0 
0 
Eu 
0 
0 
rl 
0 
v) 
v1 
k 
o x  
Eu .. 
B 
d 
0 
d 
v) 
Eu 
d 
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However, during the  period i n  which the a i r  oxidat ion r a t e s  a r e  parabol ic ,  
the rate constant  €or the  chromided coa t ing  i s  lower than t h a t  of high- 
pu r i ty  chromium by w e l l  over an order  o f  magnitude. 
It  w a s  pointed out  e a r l i e r  t h a t  Cook has shown t h a t  chromiding i n  
a LiF-CrF3 bath r e s u l t s  i n  the  t ransference  of trace amounts of L i  i n  
addi t ion  t o  Cr .  I n  the  present  work, analyses  of the  chromided depos i t s  
by w e t  chemical, x-ray f luorescence,  and spectrographic  techniques f a i l e d  
t o  d e t e c t  L i  or any o the r  metallic impur i t i e s  a t  l e v e l s  above those present  
i n  the high-purity iod ide  chromium anode. F a c i l i t i e s  f o r  ac t iva t ed  neutron 
ana lys i s ,  which Cook had used t o  confirm the  presence of L i ,  were not 
ava i l ab le  wi th in  the t i m e  and funding l i m i t s  of t h i s  study and w e r e  thus  
not employed. Nevertheless,  t h e  l a rge  decrease i n  t h e  oxidat ion rate of 
the  uniform chromided l a y e r s  compared t o  tha t  of pure chromium provides 
an ind ica t ion  tha t  some L i  has been codeposited,  s ince  none of t he  o ther  
trace impur i t i e s  could account f o r  t h e  observed improvement. I n  f a c t ,  as 
demonstrated by Hagel' 
oxidat ion rate of iodide chromium. 
, impur i t i e s  increase  r a t h e r  than decrease the 
Photomicrographs of the most e f f e c t i v e  chromided coa t ing  (Condition 
E i n  Table  V )  a f t e r  continuous and c y c l i c  a i r  oxidat ion f o r  100 hours a t  
2100°F are shown i n  Figure 14. 
of t h e  scale, and s p a l l i n g  w a s  noted af ter  60 hours of c y c l i c  exposure. 
Although no n i t r i d e  layers  have formed i n  e i ther  case, and the hardness 
of the s u b s t r a t e  a l l o y  remained a t  i t s  pre-exposure value of about 320 
kg/mm2, there is  hardening of the chromided l a y e r  below the scale from 
i t s  v i r g i n  value of 125 kg/mm2 t o  about 180 kg/mm2 and 220 kg/mm2 a f t e r  
continuous and cyclic exposure respec t ive ly .  Without a coa t ing ,  100-hour 
a i r  oxidat ion of the  s u b s t r a t e  a l l o y  r e su l t ed  i n  a subsurface n i t r i d e  
l a y e r  with a hardness above 1000 kg/cm2 and in t e rg ranu la r  n i t r i d e  for-  
mation t o  a depth of about 15 m i l s .  
I n  each case, the re  i s  some b l i s t e r i n g  
5.3 DEPOSITION AND OXIDATION OF LITHIDED COATINGS 
D i r e c t  l i t h i d i n g  of the s u b s t r a t e  a l l o y  w a s  not attempted i n  t h i s  
work. In s t ead ,  the approach se l ec t ed  w a s  t o  l i t h i d e  a f t e r  first chromiding 
the subs t r a t e  (under condi t ions  descr ibed i n  the preceding sec t ion ) ,  i n  
order  t o  i s o l a t e  the r eac t ive  cons t i t uen t s  of the a l l o y  (TaC p a r t i c l e s ,  
Y-rich phases) from the  sur face  that  would subsequently be exposed t o  a i r .  
Deposition parameters employed i n  l i t h i d i n g ,  and the e f f e c t s  of 
v a r i a t i o n s  i n  depos i t ion  t i m e  and cu r ren t  dens i ty  on the weight changes 
and coulombic e f f i c i e n c i e s ,  are shown i n  Table V I .  I n  c o n t r a s t  t o  the 
behavior i n  chromiding, where properly-cleaned samples showed rather 
reproducible behavior except under t h e  highest  cur ren t  dens i ty  condi t ions ,  
l i t h i d i n g  response w a s  extreme1 
reported by Tedmon and Hagel(20 , r a t h e r  low coulombic y i e l d s  had been 
expected using t h e  shielded carbon anode. However, i n  s eve ra l  i n s t ances  
i n  t h e  present work, not only w e r e  t he  y i e l d s  l o w ,  but weight l o s s e s  were 
recorded a t  lower cur ren t  d e n s i t i e s .  T h i s  behavior suggests  t he  buildup 
On the  basis of p r io r  work 3 
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A. Cyclic Mt. A9058 
B. Isothermal Mt. 7875 
Figure 14. Microstructures of Chrom- 
ided (E) Surfaces after 
100-Hour Air Oxidation 
at 2100OF (250x1. 
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Table V I  ~ Deposition Parameters Employed i n  Lithiding*. 
Temp T i  me Current Dens W t  Gain Eff ic iency  
D e s i  gnation - (OF) (Min) (mg/cm2 I (mg/cm2 I (%I 
J1** 1830 60 20 -0.11 - 
J2** 1830 60 20 0-04 - 
J3** 
K1** 
K2** 
K3** 
El** 
L2** 
J1 
52 
K 1  
K2 
K3 
L1 
L2 
M 1  
M2 
N 1  
N2 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
1830 
60 
90 
90 
90 
120 
120 
60 
60 
90 
90 
90 
120 
120 
90 
90 
90 
90 
20 
30 
30 
30 
20 
20 
20 
20 
30 
30 
30 
20 
20 
10 
10 
40 
40 
-0.17 
-0.12 
-0.03 
0.06 
-0.04 
0.03 
0.08 
0.02 
0.11 
0.10 
0.04 
0.01 
0.05 
0.04 
0.02 
0.12 
0.03 
* A l l  samples previously chromided 3 hours a t  1960OF i n  LiF-CrF, bath 
a t  re la t ive C.D. of 1.4, Condition E i n  Table I V .  
** Deposition runs made by immersing samples with cur ren t  o f f .  A l l  
o the r s  had cu r ren t  of about 45 ma/cm2 applied before immersion. 
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of i m p u r i t i c s  on the cathode, which could cause l o c a l  r eve r sa l  of e l ec t rode  
p o l a r i t y ;  bu t ,  even af ter  repeated c leans ing  of t he  LiF ba th  by meta l l id ing  
a n icke l  cathode, weight l o s ses  were s t i l l  s o m e t i m e s  observed upon l i t h i d i n g  
t h e  previously-chromided s u b s t r a t e  a l loy .  Even when t h e  cel l  was opera t ing  
i n  the proper d i r e c t i o n ,  consecutive runs under i d e n t i c a l  depos i t ion  condi- 
t i o n s  yielded weight gains  t h a t  d i f f e r e d  rather widely, as ind ica ted  i n  the  
first por t ion  of Table  V I .  
The l a r g e s t  absolute  d i f f e rences  i n  mass t r a n s f e r  were noted a t  high 
cur ren t  dens i ty  and temperatures of 1900°F and above; and, as noted above, 
some runs a t  low cu r ren t  dens i ty  r e su l t ed  i n  weight losses of the  cathode. 
I n  order  t o  circumvent t h i s  problem, the p rac t i ce  adopted w a s  t o  immerse 
the sample i n  the  LiF ba th  a t  1830°F wi th  a r a t h e r  l a rge  overvoltage 
applied.  A f t e r  immersion, the  vol tage w a s  reduced t o  provide a lower 
value of cu r ren t  dens i ty  than was maintained throughout the meta l l id ing  
run. Resul t s  obtained under these  dual-voltage condi t ions  are shown i n  
the la t te r  por t ion  of Table V I .  Weight gains  were less erratic than  earlier 
r e s u l t s ,  i n  t h a t  s m a l l  pos i t i ve  m a s s  t r a n s f e r  values  w e r e  i nva r i ab ly  
obtained;  bu t ,  the r e l a t i v e  d i f f e rences  between coulombic y i e l d s  i n  iden- 
t i c a l  runs a r e  s t i l l  much g rea t e r  than those experienced i n  chromiding. 
Photomicrographs t ha t  are representa t ive  examples of the s t r u c t u r a l  d i f -  
ferences observed i n  l i t h i d i n g  are shown i n  Figure 15. From t h e  c r o s s  
sec t ion  i n  Figure 15A, the average depth of L i  pene t ra t ion  i s  seen t o  be 
about 0.8 m i l .  The weight gain i n  t h i s  run, which w a s  among the highest  
observed, w a s  0.10 mg/cm2. Assuming a l l  the  gain t o  be L i ,  these  f i g u r e s  
r e s u l t  i n  an average L i  concentrat ion of about 0.78 weight percent i n  the 
chromided l a y e r .  T h i s  i s  much g rea t e r  than the concentrat ion of 0.5 atomic 
percent (0.067 weight percent)  that  Tedmon and Hagel estimated from sput te r -  
i on  ana lys i s  a f t e r  l i t h i d i n g  of pure chromium'20) , but i s  st i l l  r a t h e r  
s m a l l .  
Resul t s  of oxidat ion tests on severa l  l i t h i d e d  coa t ings ,  produced by 
the  dual-voltage technique, are summarized i n  Table V I I ,  and extremes i n  
the  sur face  and subsurface microstructure  a f t e r  a i r  oxida t ion  are shown i n  
Figure 16. 
s i g n i f i c a n t l y  lower than those shown by the  chromided coa t ings  under the  
same condi t ions ,  bu t  t hey  a l s o  exhib i ted  much m o r e  scatter, from less than 
0.2 t o  g rea t e r  than 1.0 mg/cm i n  2-hour exposures. The samples which had 
the  higher gains  i n  preoxidat ion exh ib i t  r a t h e r  high r eac t ion  r a t e s ,  
s p a l l i n g  oxides ,  and in t e rg ranu la r  n i t rogen  a t t a c k  upon subsequent a i r  
oxidat ion for 50 hours a t  2100°F. Li thided samples t h a t  had weight gains  
below about 0,4 mg/cm2 during preoxidat ion,  i n  general ,  behaved w e l l  i n  
subsequent a i r  oxida t ion  under isothermal  condi t ions f o r  50 or 100 hours 
a t  2100OF. However, as noted i n  Table V I I ,  even these samples spa l l ed  
severely under c y c l i c  ox ida t ion  exposures. 
Weight gains  during shor t  exposure t o  oxygen a t  2000°F were 
2 
Comparison of the  oxidat ion da ta  i n  Table V I 1  w i t h  t he  l i t h i d i n g  depo- 
s i t i o n  r e su l t s  shown i n  Table V I  i n d i c a t e s  t h a t  t he re  i s  no f i r s t - o r d e r  
r e l a t ionsh ip  between a i r  oxidat ion behavior and p r i o r  l i t h i d i n g  h i s to ry .  
Samples prepared under i d e n t i c a l  condi t ions ,  even when their  weight gains  
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A. Condition K2 Mt. A 8 3 9 8  
B. Condition K3 Mt. A 6 6 4 5  
Figure 15. Representative Microstructures of 
Lithided Surfaces Produced at 1830°F 
(500x). 
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A. Condition K1 Mt. A9065 
B. Condition K2 Mt. E1617 
Figure 16. Effects of 50-Hour Isothermal 2100'F 
Air Exposure on the Microstructure 
of Lithided Surfaces (250x1. 
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i n  l i t h i d i n g  were q u i t e  c lose ,  exhib i ted  widely d i f f e r e n t  oxidat ion behavior. 
Although shor t  exposures i n  oxygen w e r e  r e l a t i v e l y  e f f e c t i v e  i n  iden t i fy ing  
l i t h i d e d  samples tha t  would behave sat isfactor i ly  i n  a i r  oxidat ion,  the  
air-oxidat ion r e s i s t ance  of the  bes t  l i t h i d e d  l aye r s  developed i n  t h i s  work 
was i n f e r i o r  i n  each ins tance  t o  t h a t  of optimum chromided coat ings.  I t  
would appear t h a t ,  wi th in  the  l i m i t s  i nves t iga t ed  i n  the present s t u d y ,  
the  trace amounts of l i t h i u m  t h a t  are incorporated during chromiding are 
super ior  t o  l i t h i d i n g  per se. Resul t s  of bend tests of oxidized samples, 
t o  be presented i n  a following sec t ion ,  a l s o  lend support  t o  t h i s  obser- 
vation. 
5 . 4  DEPOSITION AND OXIDATION OF Cr-Y20, COATINGS 
Powdered mixtures of chromium wi th  10, 30, and 50 volume percent Y20, 
were plasma sprayed on samples of t he  s u b s t r a t e  a l l o y  using techniques 
described i n  Sect ion 4.1.2. Most of the  screening work w a s  performed w i t h  
3% and 50% Y2O3 powders using powder feed rates of 8 t o  12  pounds p e r  
hour. Ranges of depos i t ion  parameters inves t iga ted  i n  t h i s  study are 
summarized i n  Table V I I I ,  and representa t ive  microstructures  a r e  shown 
i n  Figure 17. 
The i n i t i a l  spraying work was done w i t h  the  coarser  powders, t he  s i z e  
ranges of which were shown earlier i n  Table I. Rather nonuniform depo- 
s i t i o n  was obtained. Most of the powder p a r t i c l e s  exhib i ted  the usual 
f l a t t e n i n g  from their o r i g i n a l  spheriodal  shape i n t o  disk-shaped pa r t i -  
c l e s ,  w i t h  their  short dimension paral le l  t o  the  d i r e c t i o n  of incidence 
i n  spraying. However, as i l l u s t r a t e d  i n  Figure 17A, use of the  coarser  
powders s o m e t i m e s  r e su l t ed  i n  the depos i t ion  of rather l a rge  sphe r i ca l  
p a r t i c l e s  with a high concentrat ion of poros i ty  i n  the i r  immediate v ic i -  
n i ty .  Although none of the depos i t s  approached f u l l  dens i ty ,  even a f t e r  
vacuum anneal ing a t  2000 or 2200°F, measurements of the  volume f r a c t i o n  
of pores i n  areas remote from nonuniform p a r t i c l e s  a l s o  ind ica ted  a general  
tendency toward higher  poros i ty  i n  depos i t s  produced from coarser  powders. 
For these reasons,  t he  f i n e r  powders w i t h  mean p a r t i c l e  diameters of 4.5 
microns f o r  the C r  and 20 microns f o r  t h e  Yz03, were used i n  the balance 
of t he  work. 
The most-uniform and most-reproducible s t r u c t u r e s  w e r e  produced using 
a high-velocity,  low-dwell nozzle a t  powder feed rates of about 8 pounds 
per  hour and a t  power l e v e l s  of about 22 k i lowat t s .  
produced from f i n e r  powders under these  condi t ions  i s  shown i n  Figure 17B. 
Sign i f i can t  increases  i n  the powder feed rate and/or t he  power l e v e l  
tended t o  produce nonuniform depos i t s  and higher porosi ty ,  as shown i n  
Figure 17C. There a l s o  appeared t o  be some increase  i n  poros i ty  as t h e  
volume f r a c t i o n  of Y203 w a s  increased,  as i l l u s t r a t e d  by comparison of 
Figures 17B and 17D.  T h i s  behavior apparent ly  r e s u l t s  from less pe r fec t  
bonding between unl ike p a r t i c l e s  i n  t h e  sprayed mixture, s ince ,  i n  
general ,  t he  voids a r e  concentrated i n  Cr-Y20, i n t e r f a c i a l  regions while 
t he  Y20, - Y20, (and p a r t i c u l a r l y  the  C r  - Cr)  i n t e r f a c e s  a re  r e l a t i v e l y  
free of poros i ty  i n  the as-sprayed and annealed condi t ion.  
A t y p i c a l  depos i t  
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A. Coarse Powders 
30% Y2O3 
6.5 M i l s  
22.5 KW 
M t .  A3828 (500X) 
B.  Fine Powders 
30% Y2O3 
4.5 M i l s  
22.5 KW 
M t .  E1883 (250X) 
C. Fine Powders 
30% Y2O3 
2.5 M i l s  
27.6 KW 
M t .  E1865 (250X) 
D. Fine Powders 
10% Y2O3 
4.5 M i l s  
22.5 KW 
M t .  E1884 (250X) 
Figure 17. Microstructures  of Plasma-Sprayed Cr + Y2O3 Coatings. 
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E f f e c t s  of screening oxida t ion  exposures on weight changes and sca l e  
adherence of plasma-sprayed coa t ings  a re  summarized i n  Table I X .  Unless 
otherwise noted, a l l  t he  da t a  were obtained from coat ings  produced by 
spraying f i n e  powders a t  nominal feed r a t e s  of 8 pounds per hour, a power 
l e v e l  of 22.5 KW, and app l i ca t ion  r a t e s  of 0.001 - 0.002 inch  per pass .  
Coating thicknesses  recorded i n  Table I X  var ied by  no more than k 0.5 
mils from the  intended values  of 2.5, 4.5, and 6.5 mils. 
The markedly super ior  oxidat ion behavior of coa t ings  produced from 
f i n e  powders i s  immediately apparent from t h e  summary i n  Table I X .  Q u i t e  
high weight gains ,  accompanied by gross  s p a l l i n g ,  were observed i n  coa t ings  
produced from coarse powders under t he  leas t - severe  ai r -oxidat ion condi t ions  
imposed (50-hour isothermal  exposure a t  2100OF). T h i s  behavior i s  asso- 
c i a t e d  w i t h  t h e  r a t h e r  high degree of poros i ty  i n  such coa t ings ,  as noted 
above, which r e s u l t s  i n  a l a r g e  increase  i n  the sur face  a rea  of the  sample 
i n  contac t  w i t h  a i r  during exposure. The very l a r g e  weight gains  exhib i ted  
by coarse-powder coa t ings  i n  a i r  exposure can be reduced by shor t  pre- 
t reatment  i n  pure oxygen, as shown by comparison of the  d a t a  from the  6.5- 
m i l  coa t ings  of Cr-3Wo Y 2 0 3 ;  but ,  even a f t e r  t h i s  preoxidat ion,  some spal-  
l i n g  occurs  and the gross  weight gain of 4.87 mg/cm i s  higher  than t h a t  
of the  base a l l o y  under these  air-exposure condi t ions.  Preoxidat ion of 
the f i n e  powder coa t ings  i s  considerably more e f f e c t i v e .  Weight gains  of 
about 3.5 mg/cm2 were observed i n  50-hour a i r  exposure of 4.5-mil coa t ings  
of both ( 2 ~ 3 0 %  Yz03 and Cr-lWo YzO, powders when they were tested i n  the 
sprayed and vacuum-annealed condi t ion.  After  2-hour preoxidat ion a t  2000°F, 
t h e  weight gains  i n  a i r  a r e  wel l  below 1 mg/cm2, and t h e  r e s u l t s  are q u i t e  
reproducible.  Although weight gains  i n  the  preoxidat ion t reatment  of the  
specimens var ied ,  r e f l e c t i n g  minor d i f f e rences  i n  void conten ts  and a r r ays  
dup l i ca t e  sets of specimens exhib i ted  maximum v a r i a t i o n  of about 0.1 mg/cm 
i n  subsequent 50- and 100-hour qir exposures. 
2 
a 
The oxidat ion screening tests summarized i n  Table I X  demonstrate t h a t  
lower volume f r a c t i o n s  of Y 2 0 3 ,  within the range s tudied ,  r e su l t ed  i n  more 
p ro tec t ive  sprayed coat ings.  A t  equivalent  thicknesses ,  t he re  i s  a ten- 
dency toward higher weight gains  and g rea t e r  s p a l l i n g  a s  t h e  oxide con- 
cen t r a t ion  i n  the  Cr-YSO, l aye r s  i s  increased from 10 t o  SO%, due t o  the  
increased poros i ty  assoc ia ted  w i t h  g rea t e r  Cr-Y203 i n t e r f a c e  a rea  as the  
Y203 content  increases .  The r e s u l t s  a l s o  i n d i c a t e  t h a t  plasma-sprayed 
coa t ing  thicknesses  of 4 t o  5 m i l s  afforded the g r e a t e s t  r e s i s t a n c e  t o  
a i r  oxidat ion.  Coatings of 2 t o  3 m i l s  th ickness ,  although they  were 
genera l ly  adherent i n  both isothermal and c y c l i c  oxidat ion,  d id  not s ig-  
n i f i c a n t l y  reduce the  weight gain c h a r a c t e r i s t i c s  of the  s u b s t r a t e  a l loy .  
Sprayed coa t ings  of 6- t o  7-mil thickness  were more p ro tec t ive  than the 
th innes t  coa t ings  i n  isothermal  a i r  oxidat ion f o r  the  sho r t  dura t ion ,  b u t  
were more subjec t  t o  s p a l l i n g  during thermal cyc l ing  or a f t e r  longer con- 
t inuous exposure. 
t rend ,  b u t  the weight gain w a s  considerably higher  than t h a t  exhib i ted  by  
t h e  coa t ing  of intermediate  thickness  even i n  t h i s  case.  Thus, t hese  
screening tes ts  i n d i c a t e  t h a t  mixtures of 10 t o  30 volume percent Yz03 
The Cr-lOW YzO, coat ing  provided an exception t o  t h i s  
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Table I X .  Oxidation Behavior of Plasma-Sprayed Samples. 
Desig 
01 
02 
P1 
P2 
Q 
R 1  
R2 
S 
T 
u1  
u2 
v 
w 1  
w2 
X 
Y 
Coating 
y2 03 Thick. 
(VOl %) (Mils) 
50 2.5 
50 4.5 
50* 4.5 
50 6.5 
30 2.5 
30 4.5 
30 4.5 
30 4.5 
30 6.5 
30* 6.5 
30* 6.5 
10 2.5 
10 4.5 
10 4.5 
10 4.5 
10 6.5 
2000°F 0, 
2 Hrs 
Oxidation Weight Gain (mg/cm2) 
I sothermal Cyclic 
50 Hrs 100 Hrs 100 Hrs 
1 . 5 8 A  
1.62A 
- 
2.06A 
2.24A 
1 39A 
1.46A 
- 
1.98A 
- 
3.92B 
1.46A 
2.28A 
1 ~ 60A 
- 
1.73A 
2.26A 
1.20A 
12.71s 
1.85A 
2.10A 
0.72A 
0.85A 
3.45B 
1.40A 
15 e 40s 
4.87s 
2.08A 
0.76A 
0.62A 
3.52A 
1 e 29A 
3 e 36A 
4.55s 
- 
6.47s 
2.92A 
0.91A 
0.96A 
- 
2.63AS 
- 
- 
3.26A 
0.91A 
0.88A 
4 e 27As 
2.80A 
4.81A 
- 
- 
- 
3.85A 
1.94A 
2.01A 
- 
3.20AS 
- 
- 
4.06As 
1.27A 
1 e 43A 
- 
3.45A 
* Coarse powders. A l l  o ther  sprayed with f i n e  powders; see Table I 
A = Adherent Oxide 
S = Spa l l ing  Oxide 
B = B l i s t e r e d  Oxide 
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i n  chromium, sprayed as f i n e  powders t o  thicknesses  of 4 t o  5 m i l s ,  repre- 
sented t h e  most effect ive of the  plasma-sprayed coa t ing  va r i a t ions .  
Photomicrographs of these coa t ings  af ter  100-hour a i r  oxidat ion a t  2100'F 
are shown i n  Figure 18. The s c a l e s  a re  i r r e g u l a r  but q u i t e  tenacious,  
w i t h  some penet ra t ion  along gra in  boundaries. P a r t i c u l a r l y  i n  the  Cr-30% 
Y20, coat ing ,  t he  voids  (which w e r e  o r i g i n a l l y  randomly d i s t r i b u t e d  
through the sprayed coa t ing)  are concentrated and p a r t i a l l y  aligned near 
the  coa t ing-subs t ra te  i n t e r f a c e .  No evidence of n i t r i d a t i o n  w a s  observed 
i n  e i ther  t h e  coa t ing  or subs t r a t e ,  and the hardness of t he  r e c r y s t a l l i z e d  
a l loy  (approximately 320 kg/mm2) w a s  unaffected by the  oxida t ion  exposure 
i n  t h e  plasma-sprayed condi t ions  shown. Hardness measurements i n  t he  
sprayed coa t ings  themselves were erratic,  because of the poros i ty  and the  
nonuniform d i s t r i b u t i o n  of the  Yz03 p a r t i c l e s .  I n  the  sprayed-and-annealed 
condi t ion ,  t h e  microhardness measurements were i n  the  range of 170 k 40 
kg/mm2. A f t e r  continuous and c y c l i c  100-hour a i r -oxida t ion  exposures a t  
2100°F, t h i s  range w a s  increased t o  200 k 40 kg/mm2 and 220 k 50 kg/mm2 , 
respec t ive ly .  A s  mentioned above, however, no hardening of the subs t r a t e  
a l l o y  w a s  observed. 
5.5 BEND DUCTILITY OF COATING COMPONENTS 
The d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures (DBTT), measured as 
described i n  Sec t ion  4.2.4, a r e  presented f o r  se lec ted  chromided, l i thicled,  
and plasma-sprayed condi t ions ,  both before  and a f t e r  2100°F a i r  oxidat ion 
i n  Table  X. The coa t ing  des igna t ions  are the  same a s  those employed i n  
the t abu la t ions  of t h e  depos i t ion  and oxidat ion c h a r a c t e r i s t i c s  of the  
respec t ive  components summarized i n  preceding sec t ions  of the r epor t .  
Note t h a t ,  i n  each case ,  app l i ca t ion  of t he  coa t ing  r e s u l t s  i n  an 
apparent decrease of the  DBTT of the s u b s t r a t e  a l l o y  after vacuum annealing 
a t  2000'F. T h i s  i s  a r e s u l t  of the lower hardness of the  coa t ings  compared 
to  t h e  subs t r a t e  a l l o y  and the  bend-test  technique which p laces  maximum 
s t r a i n  on t h e  ou te r  sur face  (where, i n  the coated samples, the  d u c t i l i t y  
might be expected t o  be higher i n  view of the lower hardnesses and the 
assoc ia ted  lower y i e l d  s t rengths) .  Apparently the re  are thermal stresses 
generated i n  hot plasma spraying of cold specimens t h a t  r equ i r e  stress 
relief t o  remove, s ince  the  as-sprayed DBTT i s  considerably higher than 
t h a t  a f t e r  the  vacuum heat  treatment.  Such d i f f e rences  a r e  not observed 
i n  the  two metal l ided condi t ions ,  because the  coa t ing  process i s  performed 
w i t h  t he  subs t r a t e  and the  depos i t  under isothermal  condi t ions  a t  e leva ted  
temperatures. I t  i s  a l s o  of i n t e r e s t  t h a t ,  a f t e r  pretreatment i n  pure 
oxygen, the  DBT" values  of each of the  coa t ings  remain r a t h e r  low, pro- 
viding some evidence t h a t  oxygen i s  not pr imari ly  responsible  f o r  the 
la rge  d u c t i l i t y  l o s ses  t h a t  occur upon a i r  exposure a t  e leva ted  tem- 
pe r a  t ure s e 
After  a i r  oxidat ion under t he  three screening condi t ions employed, the  
DBTT values c o r r e l a t e  q u i t e  c lose ly  w i t h  the  r e l a t i v e  t e n a c i t y  of t he  
s c a l e s  t h a t  was discussed i n  the  th ree  preceding sec t ions .  The most repro- 
duc ib le  pro tec t iveness  i s  displayed by t h e  plasma-sprayed coa t ings ,  provided 
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A. 10% Y203 M t .  E1662 
B. 30% Y2O3 &Ito E1665 
Figure 18. Effects of our C y c l i c  A i r  Oxid- 
on the Microstructure 
a-Sprayed Cr-Y203 
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Table X. EfIcc t s  of Coating and Pix1trc>aLntcnt-s on Mechanical Proper t ies  
i n  Bending. 
Coating Designation 
Chromided (E) 
Chromided (E) 
Chromided (E) 
Lithided (K) 
Lithided (K) 
Plasma, 3% Y2O3 (R) 
Plasma, 30% Y203 (R) 
Plasma, 30% Y20, (R) 
Plasma, 3% Y203 (R) 
T e s t  T 
Condition (OF) 
A s  Coated 
I t  
I 1  
11 
2000°F/2 Mrs/Vac 
II  
I t  
11 
2000°F/2 H r s &  
I? 
11  
11 
As Coated 
I 1  
11 
2000°F/2 Hrs/02 
A s  Coated 
I t  
I? 
200Q°F/2 Hrs/Vac 
I t  
I ?  
I t  
2000°F/2 H r s / 0 2  
I? 
I t  
I1  
200°F/200 H r s  
Argon 
I? 
T I  
800 
600 
400 
200 
800 
600 
400 
200 
800 
600 
400 
200 
800 
600 
400 
800 
600 
1000 
800 
600 
1000 
800 
600 
400 
1000 
800 
600 
400 
1000 
800 
600 
400 
Fiber 
S t r e s s  
(KSI 1 
41.6 
70.9 
82.5 
102.6 
39.6 
68.7 
86.0 
92.1 
43.8 
71.3 
88.4 
101.0 
37.2 
59.1 
74.5 
38.8 
61.1 
47.3 
67.8 
77.2 
72.5 
81.0 
83.2 
85.1 
39.8 
67.0 
55.4 
83.2 
48.2 
80.7 
88.3 
87.5 
Bend Approx'm t e  
Angle DBTT t a 8  
(" 1 (OF) 
> 45 
> 30 
> 15 
1 
> 45 
> 30 
> 15 
0 
> 45 
> 30 
> 15 
0 
>. 30 
> 15 
6 
> 15 
8 
> 30 
> 15 
5.3 
> 45 
> 30 
> 15 
6.2 
> 45 
> 30 
> 15 
4 
> 45 
> 30 
> 15 
8.5 
300 
300 
300 
5 00 
65 0 
700 
5 00 
5 00 
5 00 
( a )Duc t i l e -b r i t t l e  t r a n s i t i o n  temperature i n  bending over rad ius  of 4 t  a t  
r a m  speed of 1 ipm 
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t h a t  the preoxidation treatment i s  employed. Much slower heat ing r a t e s  are 
imposed i n  this pretreatment than i n  t h e  a i r  exposures, w i t h  the result 
t h a t  some s p a l l i n g  of t lw  oxide (and plasma l aye r  i t s e l f )  occurs upoii a i r  
oxidat ion of the  as-sprayed coa t ing  (Condition S )  ; and, p a r t i a l  e m b r i t t l e -  
ment i s  observed a f t e r  only 50 hours of isothermal  exposure. The r e s u l t s  
i n  Table X I  a l s o  confirm the  oxidat ion measurements, i n  t h a t  increas ing  
pro tec t iveness  r e s u l t s  f r o m  decreasing the volume f r a c t i o n  of Yz03 from 
50 t o  30 t o  1%. I t  i s  of course poss ib le  tha t  s t i l l  lower volume f r a c t i o n s  
would have shown even g rea t e r  supe r io r i ty .  
Of  t h e  two vers ions of metal l ided coa t ings  ( C r  and L i ) ,  chromiding 
alone appears t o  be s i g n i f i c a n t l y  more p ro tec t ive ,  p a r t i c u l a r l y  under cyclic 
exposure condi t ions  where a l l  of t he  l i t h i d e d  specimens tested exhib i ted  
r a t h e r  high weight gains  and excessive s p a l l i n g  (Table V I I ) .  I n  addi t ion ,  
chromiding i n  the LiF-CrF, bath a t  low cu r ren t  d e n s i t i e s ,  where t r a c e  
amounts of L i  a r e  codeposited with the  C r ,  appears (from the  DBTT response 
as wel l  as the  a i r  ox ida t ion  behavior) t o  be the more r e l i a b l e  method. 
5.6 EFFECTIVENESS OF MULTIPLE-COMPONENT COATINGS 
Based on the  p rope r t i e s  of the  ind iv idua l  components discussed above, 
severa l  sys tems t h a t  combined two or a l l  th ree  of t he  coa t ing  s t e p s  were 
se lec ted  f o r  evaluat ion.  Although l i t h i d i n g  appeared t o  be de t r imenta l  i n  
the  e a r l i e r  work, i t  w a s  included i n  these more complex coa t ings ,  i n  order  
t o  determine i f  an overcoat of plasma-sprayed C r  p lus  Y203 might reduce 
the  s p a l l i n g  tendencies  of l i t h i d e d  layers .  Coating depos i t ion  w a s  performed 
i n  the s a m e  vays tha t  have been descr ibed previously f o r  t he  components. 
R e s u l t s  of screening oxidat ion tests, and the e f f e c t s  of a i r  oxidat ion on 
the  DBTT, are summarized i n  Tables X I 1  and X I I I .  Letter designat ions i n  
parentheses,  a s  mentioned previously,  r e f e r  t o  process parameters listed 
i n  Tables I V Y  V I ,  and V I I I .  Comparative oxidat ion behavior of t he  individ-  
u a l  components i s  presented i n  Tables V ,  V I I ,  and I X .  A s  noted i n  Table X I I ,  
a l l  samples i n  t h i s  series were preoxidized f o r  2 hours a t  2000°F as the  
f i n a l  s t e p  before a i r  exposure, s ince  a l l  d a t a  obtained t o  t h i s  point  
i nd ica t e  t h i s  s t e p  t o  be bene f i c i a l .  
Both the  oxidat ion d a t a  and the DBTT test r e s u l t s  i n  Tables X I 1  and 
X I 1 1  confirm the e a r l i e r  observat ion t h a t  t he  t r a c e  q u a n t i t i e s  of L i  
incorporated during chromiding i n  the LiF-CrF3 bath are f a r  super ior  t o  
l i t h i d i n g  per  se. No f u r t h e r  work w a s  performed w i t h  l i t h i d e d  coat ings.  
On the  o the r  hand, t he  duplex coa t ings  (cons is t ing  of a chromided undercoat 
produced a t  low cu r ren t  dens i ty ,  with sur face  layers of about 4.5 m i l s  of 
plasma-sprayed C r  containing 10 and 30 volume percent YzO,) provide r a t h e r  
a t t r a c t i v e  pro tec t ion  aga ins t  a i r  embrit t lement.  A s  i n  earlier work, t he  
lower volume f r a c t i o n  of Yz03  produces the  prefer red  r e s u l t s .  
coa t ing ,  the DBTT of t he  Cr-Mo-TaC a l l o y  subs t r a t e  i nc reases  by less than 
100°F under each of the  th ree  a i r  exposure condi t ions  inves t iga ted .  
Similar  exposure of t h e  base subs t r a t e  r e s u l t s  i n  a DBTT w e l l  above 1400°F, 
a s  shown i n  Table 111. Thus, these duplex coa t ings ,  as we l l  as the  plasma- 
sprayed vers ions without an intermediate  chromided l a y e r ,  o f f e r  considerable  
pro tec t ion  aga ins t  a i r  embrittlement. 
With t h i s  
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Table X I ,  E f f e c t s  of Air Oxidation on t he  Bend D u c t i l i t y  of Selected 
Coatings. 
Coating Designation 
Chromided (G) 
Chromided (E) 
Chromided (F) 
Li thided (M) 
Lithided (K) 
Lithided (L) 
Plasma, 50% Y20, (0) 
Plasma, 30% Y20, (R) 
Plasma, 30% Y20, (SI 
Plasma, 10% Y203 (W) 
(a)  
D13"r(a) Af te r  2100°F, A i r  (OF): 
I sothermal Cyclic 
50 H r  100 H r  100 H r  
1050 - - 
725 
700 
> 1200 
65 0 
75 0 
- 
85 0 
7 75 
- 
> 1200 
775 800 1150 
675 85 0 - 
625 7 25 760 
875 
600 650 - 700 625 - 700 
- - 
( a )Duc t i l e -b r i t t l e  t r a n s i t i o n  temperature i n  bending over r a d i u s  of 4 t  a t  
r a m  speed of 1 ipm 
(b)Exposed t o  a i r  without pretreatment in pure 0,. A l l  o t h e r s  preoxidized 
a t  2000°F, 2 hours 
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Table X I I .  Oxidation Behavior of Multiple-Component Co,atings. 
Oxidation Weight Gain (mg/cm 2 
2100°F Air 
2000°F O2 I sothermal C y c l i c  
2 Hrs 50 Hrs 100 Hrs 100 Hrs 
1. Chromided (E) 
2. Chromided (E) 
30% Y203 Plasma (R) 
Eithided (IC) 
30% Y20, Plasma (R) 
10% Yz03 Plasma (W) 
Lithided (K) 
10% Y20, Plasma (W) 
3. Chromided (E) 
4. Chromided (E) 
1.79A 1.08A 1.62A 1.54A 
1.42A 0.83A - 6.25s 
1 71A 0.67A 0.95A 1 . 1 8 A  
1.10A 1.25A - 5.90s 
A = Adherent Oxide 
S = Spal l ing  Oxide 
Table XIII. Effec t s  of A i r  Oxidation on the  Bend D u c t i l i t y  
of Multiple-Component Coatings. 
Coating 
1 
DBTT After 2100°F A i r  (OF) 
I sothermal Cvclic 
50 Hrs 100 Hrs 100 Hrs 
65 0 75 0 725 
1000 - > 1200 
625 600 675 
850 - 1100 
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6.0 CRITICAL EVALUATION OF SELECTED COATINGS 
Four coa t ing  sys tems w e r e  chosen for t e s t i n g  under more severe con- 
d i t i o n s .  These f o u r  systems are nominally 4.5-mil l aye r s  of plasma-sprayed 
mixtures of C r  p lus  10 volume percent and 30 volume percent Yz03, sprayed 
over t he  bare subs t r a t e  and over the chromided undercoats of approximately 
0.8-mil thickness .  Coatings w e r e  vacuum annealed for  2 hours a t  2000°F 
a f t e r  each s t e p  i n  the  app l i ca t ion  cyc le  and w e r e  p re t rea ted  i n  pu r i f i ed  
0, f o r  t he  same t i m e  and temperature p r i o r  t o  a i r  exposure. 
The add i t iona l  f a c t o r s  tha t  were inves t iga ted  i n  t h i s  work are: 
(1) The e f f e c t s  of extending the a i r  oxidat ion t i m e  t o  200 hours 
i n  both isothermal and cyclic exposures 
(2) The e f f e c t s  of increas ing  the  cool ing  rates and hence t h e  thermal  
shock s e v e r i t y  during c y c l i c  t e s t i n g  
(3) The effects of i n t e n t i o n a l  coa t ing  d e f e c t s  on the pro tec t iveness  
of the coa t ings  
R e s u l t s  of these tests a r e  examined separa te ly  i n  the following sec t ions .  
6.1 RESPONSE To 200-HOUR AIR OXIDATION AT 2100°F 
Weight change c h a r a c t e r i s t i c s  measured i n  the  isothermal  and cyclic 
exposures, and the e f f e c t s  of these  exposures on the DBTT, are summarized 
i n  Table XIV.  Ind iv idua l  measurements recorded i n  a i r -oxida t ion  and bend 
t e s t i n g  of the specimens are presented i n  Tables  XV and XVI f o r  t he  con- 
t inuous and cyclic exposures, respec t ive ly .  
The isothermal  r e s u l t s  confirm the  e a r l i e r  observat ion tha t  the plasma- 
sprayed coa t ing  with 10 percent volume f r a c t i o n  of Y20, a f fo rds  g rea t e r  
pro tec t ion  aga ins t  embrit t lement.  The behavior of t h i s  coa t ing  appl ied 
over the  C r  -k L i  undercoat (System B i n  the  tabula t ions)  i s  p a r t i c u l a r l y  
a t t r a c t i v e ,  wi th  considerable  d u c t i l i t y  measured a t  55C°F us ing  the 
multiple-bend technique and a f u l l  bend recorded a t  650°F. Since the 
uncoated subs t r a t e  has a DBTT of about 580°F a f t e r  a 200-hour vacuum 
exposure a t  2100°F, t he  e f f ec t iveness  of t h i s  coa t ing  i n  isothermal  
oxidat ion i s  rather s t r i k i n g .  
Resul t s  of the 200-hour c y c l i c  oxidat ion,  i n  which samples w e r e  r ap id ly  
cooled t o  room temperature three t i m e s  i n  each 20-hour per iod,  represent  a 
q u i t e  d i f f e r e n t  s i t u a t i o n .  Although t h e  duplex 90 C r  - 10 Y203 coa t ing  
sprayed over the C r  i- L i  metal l ided l a y e r  continued t o  demonstrate superio- 
r i t y  over the o the r  s y s t e m s  se lec ted ,  the apparent DBTT of 850 t o  900°F i s  
a l a rge  increase  over a l l  the DBTT values  measured a f t e r  each of the  o the r  
exposures imposed on t h i s  coat ing.  S t i l l  h igher  DBTT r e s u l t s  are indica ted  
f o r  the  o the r  t h ree  coa t ing  sys tems included i n  t h i s  portion of the  study. 
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Table XIV.  E f fec t s  of 200-Hour A i r  Oxidation a t  2100°F on the Weight 
Change and D u c t i l i t y  of Selected Coatings. 
Coating 
Tota l  Wt Change (mg/cm2) DBTT* ( O F ) 
I sothermal C y c l i c  I sothermal Cyclic 
A. 1% Y,O, Plasma 2.10 4.38 800 1150 
B. Chromided + 1% 
Y203 Plasma 1.90 2.03 625 875 
C. 30% Y 2 0 3  Plasma 1.49 7.17 85 0 1175 
D. Chromided + 3% 
Y20, Plasma 1.41 2,48 800 1050 
* Duct i le -br i t t l e  t r a n s i t i o n  temperature f o r  f u l l  bend over rad ius  of 4 t  
a t  ram speed o f  1.0 ipm. 
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Table XV. Bend T e s t  R e s u l t s  After Continuous Air Oxidation a t  2100'F For 
200 Hours. 
Coating Svstem 
A. 90Cr - l O Y 2 0 3  
B. Metallided plus  
90Cr - 10Yz03 
C. 70Cr - 3OY2O3 
D. Mp t a l l i d e d  ~ plus 
70Cr - 3oY2O3 
T e s t  T 
(OF) 
1000 
950* 
900 
900 
850* 
800 
750* 
900 
800* 
800 
750* 
700 
700 
650* 
65 0 
650 
600* 
600 
550* 
1000 
95 0 
900 
900 
85 0 
800 
1000 
95 0 
900 
900 
85 0 
800 
Fiber S t r e s s  
a t  Yield (KSI) Deformation 
56.7 F u l l  Bend 
51.5 Duct i le  (> 45' Bend) 
53.2 F u l l  Bend 
58.0 Fractured a t  45' Bend 
60.9 Ductile (> 30° Bend) 
64.1 Fractured a t  5.2' Bend 
63.7 Fractured a t  4.5' Bend 
50.0 
57.9 
54.3 
- 
- 
52.3 
54.2 
58.5 
58.8 
- 
- 
- 
F u l l  Bend 
Duct i le  (> 90' Bend) 
F u l l  Bend 
Ductile (> 75' Bend) 
Duct i le  (> 60' Bend) 
F u l l  Bend 
Ductile (> 45' Bend) 
F u l l  Bend 
Fractured a t  29' Bend 
Ductile (> 30' Bend) 
Fractured a t  3.5' Bend 
Fractured a t  23' Bend 
58.7 F u l l  Bend 
52.1 F u l l  Bend 
63.3 Fractured a t  8' Bend 
53.9 F u l l  Bend 
53.5 Fractured a t  37O Bend 
60.4 Fractured a t  0' Bend 
52,3 F u l l  Bend 
53.6 Fu l l  Bend 
56.2 F u l l  Bend 
62.5 Fractured a t  9' Bend 
55.0 F u l l  Bend 
65.2 Fractured a t  8' Bend 
* Multiple-bend specimep, deformed through 15' bend angle a t  successively 
lower temperatures a s  indicated.  A l l  o the r s  t o  f u l l  bend or f r ac tu re .  
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Table XVI. Bend T e s t  Results A f t e r  Cyclic A i r  Oxidation a t  2100'F For 
200 Hours. 
Coating System 
A. 90 C r  - 10Y,03 
B. Metallided p lus  
90Cr - 10Y20, 
c. 70Cr - 30Y20, 
D. Metallided p lus  
70Cr - 30 Y20, 
T e s t  T 
(OF) 
1200* 
1100* 
1100 
1000 
1100* 
1050* 
1000 
1000* 
95 0 
950* 
goo* 
900 
900 
85 0 
850* 
800 
1200* 
1150* 
1100 
1000 
1200* 
1150* 
1100 
1100* 
1100* 
1050* 
1050* 
1050 
1000* 
1000 
Fiber S t r e s s  
a t  Yield ( K S I )  Deformation 
36.0 Ductile (> 15' Bend) 
- Fractured a t  2.3 Bend 
41.8 Fractured a t  6' Bend 
42.0 Fractured a t  3.2" Bend 
45.3 
55.8 
59.0 
- 
- 
- 
- 
45.2 
45.7 
- 
- 
- 
41.2 
33.7 
33.8 
I 
42.1 
33.2 
37.2 
- 
- 
- 
- 
35.8 
37.8 
- 
Ductile (> 80' Bend) 
Ductile (> 65' Bend) 
F u l l  Bend 
Ductile (> 50' Bend) 
F u l l  Bend 
Ductile (> 35' Bend) 
D u c t i l e  (> 20' Bend) 
Fractured a t  13.2' Bend 
F u l l  Bend 
Fractured a t  7' Bend 
Duc t i l e  (> 15' Bend) 
Fractured a t  5.2" Bend 
Ductile (> 20' Bend) 
Fractured a t  5.7' Bend 
Fractured a t  4. 2" Bend 
Fractured a t  3.5' Bend 
D u c t i l e  (> 40' Bend) 
Duct i le  (> 40' Bend) 
F u l l  Bend 
Duc t i l e  (> 20" Bend) 
D u c t i l e  (> 40' Bend) 
Fractured a t  6.4' Bend 
Duct i le  (> 28' Bend) 
Fractured a t  7.5' Bend 
Fractured a t  11.2" Bend 
Fractured a t  6.5' Bend 
* Multiple-bend specimen, deformed through 15" bend angle a t  successively 
lower temperatures as indicated.  A l l  o the r s  t o  f u l l  bend or f r ac tu re .  
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Behavior of Systems A and C ( t h e  plasma-sprayed coa t ings  without the i n t e r -  
mediate chromided l a y e r )  was not unexpected, s ince  samples of both coa t ings  
exhib i ted  ex tens ive  s p a l l i n g  during the la t te r  s t ages  of cycl ing.  Spal l -  
product weights as high as 30 mg/cm are ind ica t ed  i n  Table X V I I  for these 
sys t ems ,  w h i l e  t he  plasma-sprayed coa t ings  appl ied over t he  C r  - L i  under- 
coa t  s h o w  only s m a l l  d i f f e rences  betwccn nc t  and gross  weight changes, 
averaging about 0.3 mg/cm2 for t he  10% Y203 and 0.6 mg/cm2 fo r  the 30% 
YzO, versions.  Some minor f l ak ing  of t h e  oxide near the  edges was noted;  
unl ike the nonmetallided coa t ings ,  i n  no case w a s  a l a rge  f r a c t i o n  of the  
coa t ing  missing from any area of the samples. 
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Nevertheless,  the e f f e c t  on the  DBW appears t o  be q u i t e  severe i n  
extending the exposure t i m e  from 100 t o  200 hours i n  cyc l i c  a i r  oxidat ion.  
The abrupt na ture  of t h e  increase  is  indica ted  i n  the  following summary of 
the e f f e c t s  of var ious exposures on t h e  DBTT of the s u b s t r a t e  a l l o y  and of 
samples w i t h  the  most e f f e c t i v e  C r  - L i  p lus  90 C r  - 10 Yz03 coat ing:  
200 hrs/air/isothermal >> 1400 
200 h r s / a i r / cyc l i c  >> 1400 
200 hrs/vacuum 600 rtl 25 
50 hrs /a i r / isothermal  625 f 25 
100 hrs /a i r / isothermal  600 f 25 
200 hrs /a i r / i so thermal  625 f 25 
Probable reasons f o r  t h e  drastic e f f e c t  of 200-hour c y c l i c  oxidat ion 
a re  examined i n  the following sec t ion .  
6.2 EFFECT O F  COOLING RATE I N  CYCLIC OXIDATION 
I n  the  course of conducting the  c y c l i c  ox ida t ion  tests, i t  w a s  noted 
t h a t  when the  r a t e  of cool ing from the  oxida t ion  temperature (2100°F) was 
increased , the  o v e r a l l  r a t e  of oxidat ion increased. The d i f f e rence  i n  
cool ing rates was achieved through the use  of va r i ab le  geometry support  
p l a t e s  t o  hold the c r u c i b l e s  containing the test specimens. When t h i n  
($-inch t h i c k )  alumina p l a t e s  were subs t i t u t ed  for 2-inch t h i c k  z i r con ia  
p l a t e s ,  specimen cool ing  rates increased as ind ica t ed  i n  Figure 19. I n  
order  t o  determine the  magnitude of t h e  e f f e c t ,  a 200-hour test  was con- 
ducted where both bare and coated specimens w e r e  exposed t o  t h e  d i f f e r e n t  
cool ing r a t e s .  
Weight change measurements recorded during cyclic exposure of coated 
and bare specimens are compared i n  Figure 20. The d i f f e rences  a r e  even 
more s t r i k i n g  f o r  the bare subs t r a t e  than for the coated samples. Average 
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Figure 19. Specimen Cooling Curves - Related to Specimen Holders Used in 
t h e  Cyclic Oxidation Tests. 
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t e rmina l  weight gains  i n  each ins tance  are s l i g h t l y  more than doubled under 
t he  faster cool ing r a t e s ;  bu t ,  i n  the case of the bare subs t r a t e ,  t h i s  cor- 
responds t o  an increase  of over 8 mg/cm2, whi le  i n  the  coated samples the  
increase  i s  only about 2.5 mg/cm e 2 
Photomicrographs of bare and coated samples a f t e r  c y c l i c  exposure 
under the two condi t ions  are shown i n  Figure 21. Not only i s  much more 
s p a l l i n g  evident  i n  oxide on the  bare samples a t  the higher r a t e  of cool ing,  
but  both coated and bare samples e x h i b i t  much more b l i s t e r i n g  of the oxide 
under these condi t ions.  These observat ions,  and the  d i f f e rences  i n  weight 
gain k i n e t i c s  noted above, suggest t h a t  the reason f o r  the more severe 
attack under higher  rates of cool ing i s  the  m i s m a t c h  i n  the thermal expan- 
s ion  c o e f f i c i e n t  between Cr and CrzO,, and the  assoc ia ted  thermal stresses 
tha t  are generated during rap id  thermal  t r a n s i e n t s  which cause s p a l l i n g  of 
t he  pro tec t ive  oxide. Lower cool ing rates induce a lower stress i n  t h e  
cool ing as w e l l  as allow f o r  relief of t h e  stresses by p l a s t i c  flow of 
either the  subs t r a t e  or the sur face  oxide a t  high temperatures. W i t h  high 
cool ing r a t e s ,  p l a s t i c  flow w i l l  be minimized, thereby increas ing  the resi- 
dual stresses. Most of the  s p a l l i n g  i s  observed a t  edges of t h e  coated 
samples. I t  would be a t  such sites t h a t  thermal stresses would have the i r  
l a r g e s t  e f f e c t .  Tedmon '29) has discussed t h i s  point  with respec t  t o  Cr203  
scales on Fe - C r  a l loys,  and h i s  comments are equal ly  appl icable  t o  the  
s c a l i n g  of Cr-base a l loys .  
of Cr,O, i s  about 4.2 x 
for Cr. Upon cool ing,  a scale (formed during oxidat ion of unalloyed Cr a t  
2100°F t o  room temperature, an unrelieved thermal s t r a i n  of about 4.4 x lov3 
i n . h n . 1  would r e s u l t .  
es t imat ion,  t h i s  s t r a i n  could correspond to a stress of g rea t e r  than  160,000 
ps i  i f  i t  w e r e  competely unrelieved by p l a s t i c  flow during cooling. Although 
the  thermal grad ien ts  i n  the specimens of the  present  study are unknown, i t  
i s  c l e a r  t h a t  r a t h e r  s i g n i f i c a n t  s t r e s s e s  can be generated during rapid 
coo l ing .  
A t  2000°F, the c o e f f i c i e n t  of thermal expansion 
in . / in .  OF compared t o  6.4 x lo-" in . / in .  O F  
Using the elastic modulus of C r  f o r  purposes of 
E f f e c t s  on the  DBTT of the  duplex coa t ing  of 100- and 200-hour c y c l i c  
a i r  exposures a t  2100°F, using the  two cool ing r a t e s  discussed above, are 
presented i n  Table XVIII. I t  i s  c l e a r  tha t  i t  i s  the unintent ional ly-high 
rate of cool ing t h a t  gives  rise t o  the abrupt decrease i n  d u c t i l i t y  noted 
i n  a l l  of the coa t ings  tested as described i n  Sect ion 6.1 and not simply 
increas ing  the  exposure t i m e  from 100 t o  200 hours. The t h i n  alumina p l a t e s  
were u t i l i z e d  i n  the las t  80 hours of t he  tests reported i n  the  l i s t i n g  on 
Page 64. 
Some of the  s p a l l i n g  observed i n  rap id  cool ing  of the duplex coa t ing  
i s  probably due t o  the  poros i ty  i n  the  plasma-sprayed layer. Greater  pro- 
t e c t i o n  should the re fo re  r e s u l t  i f  a method of producing a h igher - in tegr i ty  
Cr-Y,O, mixture can be devised, as i t  undoubtedly can be. I n  o the r  sys t ems ,  
exce l l en t  oxide adherence i s  obtained i n  the  presence of la rge  d i f f e rences  
i n  thermal expansion, c o e f f i c i e n t s  of subs t r a t e ,  and surface oxide. The 
Fe C r  A 1  Y a l l o y  i s  an example where exce l l en t  adherence of an A1203  sur face  
oxide i s  obtained as a r e s u l t  of the presence of Y.  Future e f f o r t  should 
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are Substrate 
A. Cooled 360°F/Min. Mt. A8575 B. Cooled 960°F/Min. Mt. A9068 
Duplex-Coated Substrate 
C. Cooled 360°F/ t. E1686 D. Cooled 96O0F/Min. t. El617 
igure 21. Effects of Cooling Rate in 2OO-Hour Cycli Air Oxidation at 2POOOF 
tructure of Bare and Duplex-Coate 
aC Alloy (250X). 
(Chromided +9OCr- lOY203) 
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Table XVIII. Effec t  of Cooling Rates i n  Cyclic Air Exposure on the  D u c t i l i t y  
Retention of Chromided Plus  Plasma-Sprayed (90Cr-10Y20s) 
Samples. 
2100°F A i r  Exposure 
None 
I sothermal 
I sothermal 
C y c l i c  
Cycl ic  
Cycl ic  
Cycl ic  
Cooling 
R a t e  (OF/==) 
- 
- 
- 
360 
360 
960 
960 
Time 
(Hrs 1 -
- 
100 
200 
100 
200 
100 
200 
Gross W t  
Gain (mg/cm2 
- 
0.95A 
1.90A 
1.47A 
1.76A 
3.06B 
4.30BS 
Approx 
DBTT (OF) 
580 
600 
6 25 
675 
650 
9 25 
950 
A = Adherent Oxide 
B = B l i s t e r e d  Oxide 
S = Spa l l ing  Oxide 
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be aimed a t  obta in ing  improved s c a l e  adherence under cyclic condi t ions.  
I n  turbomachinery, the  thermal cycles  are much more rap id  than those s tud ied  
i n  t h i s  program. 
6 . 3  EFFECTS OF INTENTIONAL DEFECTS 
A f t e r  the  f i n a l  pre-exposure i n  pure oxygen a t  2000°F, i n t e n t i o n a l  
de fec t s  w e r e  made i n  specimens of each of the  fou r  se lec ted  coat ings.  These 
were made t o  a depth 0.002 inch  below t h e  coa t ing /subs t ra te  i n t e r f a c e  by  
hardness impressions using a con ica l  diamond indenter  with an included angle 
of 30 degrees. The impressions,  t h e  intended depth of which were con t ro l l ed  
by measuring the  apparent diameter a t  the coated sur face ,  were placed 0.100 
inch and 0.200 inch on e i t h e r  side of the t ransverse  cen te r  l i n e  of the  
samples on the s ide  t o  be placed i n  t ens ion  during t e s t i n g .  Since these 
loca t ions  are displaced from the  cen te r  l i n e  by less than the  r ad ius  of t he  
bending r a m ,  each si te was s t r a ined  i n  the test. 
Most of the in ten t iona l -defec t  specimens were t e s t e d  under the c y c l i c  
condi t ions described i n  Sec t ion  6.1,  where an unintent ional ly-high cool ing 
r a t e  w a s  appl ied mid-way through the  200-hour c y c l i c  exposure sequence. 
Weight change characteristics i n  each coa t ing  w e r e  i d e n t i c a l ,  wi th in  the 
limits of s c a t t e r ,  w i t h  their nondefective counterpar t s  shown e a r l i e r  i n  
Table X I I .  Values of the DBTT, measured by the  multiple-bend technique 
described earlier,  are compared f o r  as-coated and in ten t iona l -defec t  speci- 
mens i n  the  following l i s t i n g :  
DBTT (OF) A f t e r  2100°F/200 Hrs/Cyclic 
As-Coated Intentional-Def ect 
A. 90 C r  - 10 Y20, Plasma > 1100 > 1100 
B .  Metallided C r - ( l i )  
90 C r  - 10 Y203 Plasma 
875 900-950 
C. 70 C r  - 30 Yz03 > 1200 > 1100 
D. Metall ided C r - ( L i )  1050 > 1100 
70 C r  - 30 Y 2 0 3  Plasma 
The e f f e c t  of t h e  i n t e n t i o n a l  de fec t s ,  i f  any, are r e l a t i v e l y  small  
and are of much less consequence than the  increased cool ing r a t e  appl ied 
i n  the s i x t h  20-hour period. Unfortunately,  there w e r e  i n s u f f i c i e n t  spe- 
cimens ava i l ab le  t o  permit a repea t  of t h i s  c y c l i c  test  series under a 
constant  r a t e  of cooling. Resul ts  of 200-hour isothermal  2100°F a i r  expo- 
sures  on as-coated and in ten t iona l -defec t  samples of the four  coa t ings  are 
presented i n  Table XIX.  From these  da t a ,  it i s  evident  t h a t  the  s m a l l  
conica l  de fec t s  have e s s e n t i a l l y  no e f f e c t  on t h e  pro tec t iveness  of the  
coating. I f  t he  Cr20, formed on the  sur faces  remains i n t a c t  during serv ice ,  
t he  duplex-chromided p lus  plasma-sprayed Cr-Y203 s y s t e m ,  p a r t i c u l a r l y  a t  
10 volume percent Y203 ,  i s  an e f f e c t i v e  coat ing.  I ts  shortcoming i s  i t s  
response t o  c y c l i c  cool ing a t  or above t h e  highest  cool ing rate employed 
i n  t h i s  work. 
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Table XIX. E f fec t  of Coating Defects on the  Response of Selected Coatings 
To Isothermal A i r  Oxidation A t  2100OF. 
Coating 
A. 90Cr - 10Y20, 
B. Chromided + 
90Cr - 10Y20, 
C. 70Cr - 30Y20, 
D. Chromided + 
70Cr - 3oY203 
Avg 200-Hr W t  Gain 
(mg/c$) Approximate DBTT (OF) 
As-Coated Defected As-Coated Defected 
2.10 2.40 8 00 775 
1.90 1.82 6 25 625 
1.49 1.73 85 0 8 25 
1.41 1.51 800 75 0 
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7.0 SUMMAFiY AND CONCLUSIONS 
The "Stab i l ized  Crz03" coat ing  approach f o r  the  pro tec t ion  of Cr-base 
a l l o y s  aga ins t  embrittlement during a i r  exposure a t  e leva ted  temperature 
was evaluated i n  t h i s  work. S t a b i l i z a t i o n  w a s  achieved by adding monovalent 
L i  (which w a s  shown t o  g r e a t l y  reduce the parabol ic  ox ida t ion  rate constant)  
and by incorporat ing Y,O, p a r t i c l e s  i n  the  sur face  (which were shown t o  not  
only promote scale adherence but also t o  reduce the  oxida t ion  k i n e t i c s  from 
parabol ic  t o  near qua r t i c ) .  Under isothermal exposure condi t ions,  or under 
c y c l i c  condi t ions  w i t h  moderate rates of cool ing,  an e f f e c t i v e  coa t ing  
was demonstrated. Because of the  r a t h e r  l a rge  thermal expansion mismatch 
between C r  and C r 2 0 3 ,  however, excessive b l i s t e r i n g  of the  oxide occurred 
i n  a r e l a t i v e l y  few heating-cooling cycles when a high i n i t i a l  cool ing r a t e  
of 960°F per minute from t h e  a i r  exposure temperature of 2100°F was appl ied.  
When such c y c l i c  t e s t i n g  w a s  continued f o r  200 hours, t h e  o r i g i n a l  DBTT of 
about 580°F w a s  increased t o  900°F.  Although t h i s  coa t ing  thus appears t o  
be super ior  t o  any other coating yet  reported f o r  Cr-base a l loys,  i t s  resis- 
tance t o  thermal cyc l ing  must be improved before i t  can be considered ade- 
quate f o r  the  severe se rv i ce  condi t ions  of a je t  engine environment, 
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